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ABSTRACT
UVA (320–400 nm) represents the main spectral
component of solar UV radiation, induces premutagenic DNA lesions and is classified as Class I
carcinogen. Recently, discussion arose whether
UVA induces DNA double-strand breaks (dsbs).
Only few reports link the induction of dsbs to UVA
exposure and the underlying mechanisms are poorly
understood. Using the Comet-assay and cH2AX
as markers for dsb formation, we demonstrate
the dose-dependent dsb induction by UVA in
G1-synchronized human keratinocytes (HaCaT) and
primary human skin fibroblasts. The number of
cH2AX foci increases when a UVA dose is applied
in fractions (split dose), with a 2-h recovery period
between fractions. The presence of the anti-oxidant
Naringin reduces dsb formation significantly. Using
an FPG-modified Comet-assay as well as warm and
cold repair incubation, we show that dsbs arise
partially during repair of bi-stranded, oxidative, clustered DNA lesions. We also demonstrate that on
stretched chromatin fibres, 8-oxo-G and abasic
sites occur in clusters. This suggests a replicationindependent formation of UVA-induced dsbs
through clustered single-strand breaks via locally
generated reactive oxygen species. Since UVA is
the main component of solar UV exposure and is
used for artificial UV exposure, our results shine
new light on the aetiology of skin cancer.
INTRODUCTION
Experimental and epidemiological evidence, gathered in
the last decade, have shown that UVB (280–315 nm) and
UVA (315–400 nm) exposure from the sun as well as from
artiﬁcial sources (e.g. sun beds) are the most important

etiological factors for the development of skin cancer
(1,2). Recently, UV radiation (UVB and UVA) has been
classiﬁed as a Class I carcinogen (3) by the International
Agency for the Research on Cancer.
The mechanism underlying UVB-induced mutagenesis
is well understood and can be accounted to the two major
forms of pre-mutagenic DNA lesions, the cyclobutane
pyrimidine dimer (CPD) and the pyrimidine-(6-4)pyrimidone photoproduct (6-4 PP) (4,5). Unrepaired
UV-B lesions result in transition mutations (CC-TT) at
dipyrimidine sequences (1,4), which have been shown to
represent UV-signature mutations in skin cancer (6–8). In
contrast, the mechanisms of action for UVA-induced
DNA damage are less well understood. The fact that
UVA is not directly adsorbed by DNA but needs endogenous photo-sensitizers to deploy its damages is widely
accepted (6,9,10). UVA exerts its DNA-damaging effects
through these (so far unknown) cellular photosensitizers
(PS), which are photo-excited and involved in Type I or II
photoreactions to produce reactive oxygen species (ROS),
like OH, O2, H2O2 or 1O2 (9,11,12) in the presence or
absence of metal ions. UVA exposure leads to several
lesions, oxidized bases (8-oxo-dG, thymidine-glycol),
abasic sites or single-strand breaks (ssbs). Additionally,
UVA is nowadays also seen as a source for CPDs, especially TT-CPDs, generated via a photosensitized triplet
energy transfer (13). The dependence on PS is highlighted
by the fact that isolated DNA is nearly not damaged by
UVA irradiation, in contrast to cellular DNA when equal
doses are used (14).
The ability of UVA to induce DNA double-strand
breaks (dsbs) is still under discussion. While replicationdependent dsb formation is accepted (15,16), replicationindependent dsb formation is doubted. UVA was
originally not expected to be involved in the generation
of dsbs due to the relative low photonic energy. This idea
was supported by a recent study of Rizzo et al. (17) who
did interpret their experimental data as being indicative
for no dsbs induced in cells exposed towards UVA.
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MATERIALS AND METHODS
Cell isolation and cell cultures
For the isolation of ﬁbroblasts, human skin biopsies were
cut into 0.5 cm2 pieces and placed into a cell culture dish
stratum corneum down. After 30 min at room temperature, samples had adhered to the culture dish and 10 ml
culture medium [DMEM (Invitrogen, Germany)+10%
FCS (Biochrom, Germany)] per 75-cm2 cell culture
tissue ﬂask were added carefully. The samples were
incubated in a humidiﬁed atmosphere of 5% CO2 for 3–
4 weeks, until ﬁbroblasts had grown out and could be
sub-cultured.
The human keratinocyte cell line HaCaT (27), obtained
from the Deutsches Krebsforschungszentrum (DKFZ)
Heidelberg, Germany, was cultured as described elsewhere
(22). For immuno-histochemistry, the cells were grown
directly on standard microscope slides.
To arrest HaCaT cells in G1, the cells were incubated
for 5 days in isoleucin-free medium F-10 (Biochrom), containing 5% dialysed FCS (Biochrom). The cell cycle distribution was routinely analysed by ﬂow cytometry
following DNA staining.
UVA irradiation
Irradiation was performed using a 300-W Ultravitalux
(Osram) light bulb. The peak at 365 nm was ﬁltered with
a combination of 2 colour glass ﬁlters UG1 und KG1
(Schott, Germany). No radiation with  < 340 nm passes
the ﬁlter. The dose rate of 535 W/m2 was measured with a
Solarscope UV Radiometer (SolTech). The cells were

irradiated in pre-warmed, sterile PBS unless stated otherwise. Temperature during irradiation was controlled by
two air-cooling systems, resulting in a temperature
increase from 34.2 ± 1.2 C to 38.1 ± 0.9 C during
40 min of irradiation. For split-dose irradiation, the cells
were exposed as described earlier in PBS and transferred
to pre-warmed culture medium thereafter. The time course
of the split-dose experiments was as follows: exposure
(200 kJ/m2)+2 h of recovery incubation. The time for a
single 200 kJ/m2 exposure was 6 min. After the last
exposure (also for single doses), the cells were postincubated for 30 min under normal culture conditions
before being ﬁxed or harvested. For control stainings,
cells were exposed to 1 Gy of X-ray at a dose of 2.9 Gy/
min in plastic dishes and processed for immunostaining as
described below (see Supplementary Figure S1).
Antioxidant treatment
Prior to irradiation, antioxidant treatment of the cell
cultures was done by incubating the cells for 24 h with
100 nM Naringin (ﬁnal concentration; Sigma, Germany)
in complete medium (ﬁbroblasts) or isoleucin-free medium
(keratinocytes). Previous studies have shown that this
treatment quenches ROS in eukaryotic cells (28,29).
Directly before irradiation, the medium was removed
and cells were washed two times in PBS.
ROS measurement
For ROS measurements, exponentially growing HaCaT
cells were exposed to the indicated UVA doses in
pre-warmed PBS. After exposure, the cells were stained
in PBS containing 5 mM CM-H2DCFDA (Molecular
Probes) for 15 min at 37 C. After staining, cells were
again incubated for 15 min at 37 C in pre-warmed PBS.
Then cells were being scraped into ice cold 0.1 mM ETDA
for cell swelling and nuclei were released by vortexing for
10 s. Nuclei were stained with 50 mg/ml propidium iodide
(PJ) and cells were analysed in a Coulter ﬂow cytometer
with gating for single nuclei according to the PJ ﬂuorescence. CM-H2DCFDA ﬂuorescence was measured in
three independent replicas with a minimum of 20 000 cells.
Apoptosis measurement
HaCaT cells were grown, synchronized and exposed to
900 kJ/m2 UVA as described earlier. After each indicated
time, the cells were washed once carefully with PBS and
stained with 20 ml Annexin-V-FLUOS (Roche) per ml in
staining solution (10 mM HEPES–NaOH, pH 7.4,
140 mM NaCl, 5 mM CaCl2) for 30 min in the dark at
37 C. Apoptotic cells were counted immediately using a
ﬂuorescent microscope equipped with a FITC ﬁlter (Zeiss
No 10).
Caspase 3 activity was measured using the caspase-3
colorimetric kit (R&D Systems), according to the instructions of the manufacturer. Measurements were done in
duplicate and the mean and SD were calculated.
As a positive control, exponentially growing HaCaT
cells were treated with 5 mg/ml Etoposide (Millipore) in
normal growth media for 1 h. Then cells were washed
twice with fresh media and incubated in fresh media for
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Additionally, Cadet and Douki (10) argued that induction
of dsbs via clustered ssbs is unlikely, since UVA induces
more than twice as much 8-oxo-dG compared to ssbs or
alkali labile sites. Despite these arguments, we and others
have shown, using various end points, e.g. micronucleus
formation, clonogenic survival (18,19) or gH2AX formation (20–22), as well as using cell lines deﬁcient in dsb
repair pathways (23) that UVA induces dsbs in a replication-independent manner.
Dsbs can be generated by oxidizing reagents in the form
of clustered DNA lesions that are converted to dsbs
during the repair process, when both strands are incised
simultaneously in close proximity (1–20 bases). These socalled oxidatively induced clustered DNA lesions
(OCDLs) were found to be responsible for dsb induction
using several other types of radiation and chemical
genotoxins (24–26).
In view of the current discussion whether UVA is able
to induce DNA dsbs, independent of replication, the data
presented here support the ability of UVA at physiologically relevant doses to induce these lesions. Our ﬁndings are
based on independent assessments of gH2AX formation,
Comet-assay and immunodetection of DNA lesions on
stretched chromatin ﬁbres in non-cycling, G1 arrested
cells, thus ruling out replication-dependent dsb induction.
Furthermore, we are able to demonstrate that the repair of
clustered oxidative damage is an important source for
UVA-induced dsbs.
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6 h, before apoptosis was assessed by the above-mentioned
methods.
Comet-assay
Alkaline Comet-assay was performed according to Singh
and Tice (30,31) and is described in detail elsewhere (32).
Neutral Comet-assay was performed according to Olive
et al. (33) and is described in detail in (32). Three times
two slides with 60 comets each of individual preparations
were scored per sample point.

OCDLs were measured essentially as described in (34)
with some modiﬁcations: G1 arrested HaCaT cells were
exposed to UVA at doses indicated in ‘Results’ section
and post-incubated for various times. Instead of using
PFG-plugs, cells were embedded directly on fully frosted
slides in 0.8% low melting point agarose ﬁnal concentration (Sigma Aldrich, Type VII). Cell lysis was done in plug
lysis buffer (10 mM Tris Base, 100 mM EDTA, 2.5 M
NaCl, pH 10, 1% Triton X-100, 10% DMSO) directly
after embedding at 4 C for 2 h. Slides were washed three
times in PBS for 15 min each at 4 C, then six times in FPG
buffer (10 mM Tris–HCl, 10 mM MgCl2, pH 7) 30 min
each at 4 C. Then slides were carefully drained of excess
buffer and soaked in 60 ml FPG buffer, 3 U FPG (NEB)
and 0.6 ml BSA. The optimal enzyme concentration was
determined before in a dilution series. For FPG-negative
slides, the enzyme was omitted. The micro-gels were
covered with a plastic coverslip and incubated in a
humidiﬁed chamber for 30 min at 4 C, then for 60 min
at 37 C. The enzymatic reaction was stopped by
immersing the slides in ice-cold 1 M MgCl2 solution overnight. Then slides were washed six times for 30 min each in
1 TBE buffer at 4 C before being electrophoresed at 1 V/
cm for 25 min at 6 mA. All slides of one experimental
series were electrophoresed simultaneously including the
controls to prevent variations. After electrophoresis, slides
were dehydrated in absolute ethanol and then stained with
Sybr green (1:1000) in DABCO antifade (Sigma Aldrich).
Image analysis was done using an Axiovert 200 (Zeiss),
equipped with a FITC ﬁlter (ex: 482/18 nm; bs: 495 nm LP;
em: 520/28 nm) and Komet 4, (Kinetic Imaging).
All buffers until the end of the enzyme treatment were
substituted with 50 mM phenyl-t-butyl nitrone (Sigma
Aldrich) to inhibit oxidation during handling and
purged with nitrogen.
Western blotting
For gH2AX detection, nuclei were isolated using hypotonic swelling in ice-cold 1 mM HEPES pH 7.4 for
30 min followed by soft detergent treatment of 0.01%
NP40 and soft shaking. Nuclei were harvested by centrifugation at 200 g for 5 min at 4 C. Equal amounts of
protein extract were loaded on two gels for Comassie
staining and western blotting. gH2AX was detected with
clone JB 103 (upstate/Millipore) diluted 1:2000 and an
anti-mouse-horseradish peroxidase conjugate (Santa
Cruz Biotechnology), followed by ECL (Amersham)
detection.

Immunohistochemistry was performed according to standard protocols and as described in (32). Anti-gH2AX
antibody was used at 1:200 and visualized using anti
mouse–Alexa488 (Invitrogen) at 1:400.
Preparation of stretched chromatin ﬁbres
Five hundred cells were seeded at the end of a slide
(seeding area: 1  15 mm) and were allowed to attach
overnight. After irradiation, the cells were directly lysed
on the slide for 2 min (Tris–HCl, 100 mM pH 7.5, SDS
0.5%). Receding meniscus stretching of chromatin ﬁbres
was done as described elsewhere (35,36) with 1 mm/s using
a homemade linear device. After chromatin stretching, the
ﬁbres were ﬁxed in methanol (20 C) and air-dried. For
detection of 8-oxo-guanine, chromatin was denatured in
0.5 M HCl for 5 min and neutralized in 400 mM cold Tris–
HCl, pH 7.0. Antibody detection was performed overnight
with anti-8-oxo-guanine (R&D Systems), diluted 1:100 in
PBS, 5% BSA. After two washing steps, the secondary
antibody was applied [anti-mouse-alkaline phosphatase
(AP), Roche, 1:750 in PBS, 5% BSA]. Detection of
abasic sides was performed using the aldehyde reactive
probe (ARP) kit (Molecular Probes), as recommended
by the manufacturer. Biotin of the ARP probe was
detected with AP-conjugated avidin (Qbiogene). To visualize DNA damage sites, the HNPP signal ampliﬁcation
kit (Roche) was used according to the protocol of the
supplier. Total DNA was counterstained with 10 mM
YOYO-1, in 50% DABCO antifade in 10 mM Tris–HCl,
pH 7.5.
Imaging and analysis
Fluorescence microscopy was performed using an epiﬂuorescence microscope (Axioscope, Zeiss), equipped
with a HBO50 and high-quality band pass ﬁlters (AHF
Filters, Germany) for DAPI, FITC and Rhodamine (AHF
Analysentechnik). Image acquisition was done with a
cooled CCD camera (Quantix, Roper Scientiﬁc),
controlled by the Quips software (Vysis). Each channel
was imaged individually as a black and white image and
merged by the software in false colours. For the
Comet-assay a 25 0.8 NA Plan-Neoﬂuar, for the ﬁbre
analysis a 40 1.3 NA Plan-Neoﬂuar and for immunoﬂuorescence a 63 1.3 NA Plan-Neoﬂuar objective were
used.
Counting of foci was done by a macro implemented in
the Optimas software package (Kappa, Germany) after
automated thresholding. A minimum of three individual
experiments per dose were analysed after randomization
and the number of cells with foci as well as the average
number of foci per cell were counted. Error bars are SDs
from the pooled experiments.
Fibre images were analysed by ImageJ, where equal
sized section of ﬁbres were cropped, single signals were
counted automatically by ImageJ, whereas clusters were
counted manually and the number of signals were
normalized to the total DNA intensity of the corresponding ﬁbre.
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RESULTS
cH2AX foci are formed in a dose-dependent manner after
UV exposure

Split-dose irradiation increases the number of cH2AX foci
In the simplest scenario, the number of DNA lesions
shows a linear dependence on dose. This would indicate
induction of DNA damage by direct UVA–DNA interaction or a 1:1 effect. In such a case, it would be irrelevant
if a certain dose is applied continuously or in split-dose
fractions. The most straightforward result of a split-dose
exposure would be a lower number of DNA breaks due to
DNA repair in the recovery time.
We hypothesize that, if a limited number of endogenous
cellular PS were indirectly responsible for DNA-dsb
induction during UVA-irradiation, the number of
DNA-dsb (and therefore the number of gH2AX foci)
could also be limited at a certain UVA-ﬂuence. This can
be assumed because PS becomes degraded by continuous
photo-excitation and therefore are inactive to produce
additional ROS. If, however, UV irradiation is split into
several dose fractions, separated by a certain time, PS
could recover and thus the number of DNA-dsb might
be higher compared to an exposure which delivers the
same total dose without recovery periods. We therefore
established a split-dose irradiation protocol:
ð200 kJ=m2+2 h recovery timeÞn+30-min final recovery
n ¼ number of dose fractions of 200 kJ=m2
and compared the number of dsbs with the number
induced by the same un-fractionated total dose.
In Figure 1A and B, the dose-dependent increase of the
mean number of foci per cell after split-dose irradiation
(grey triangles) is shown. Dose dependencies in split-dose
experiments were approximated to be linear (with

UVA-induced cH2AX focus formation can be inhibited by
radical scavengers
To elutriate whether the dsbs might be generated by ROS,
we irradiated in the presence of the antioxidant Naringin,
a bioﬂavonoid derivative of grapefruit peel and related
citrus species that prevents oxidative damages and functions as a radical scavenger (29,38). It has been shown to
act as a potent inhibitor of OH radical and superoxide
anion production in extracellular reaction mixtures (29).
Furthermore, Naringin has been reported to protect
against radiation-induced DNA (39) and chromosome
damage in mouse bone marrow of 60CO-g-irradiated
mice (28,29).
We tested the effect of a 24-h pre-treatment of the
cells with Naringin (100 nM ﬁnal concentration) before exposure on both HaCaT cell line and primary
human ﬁbroblasts. In Figure 1A and B, the effect of
the antioxidant treatment is plotted in terms of gH2AX
foci per cell as a function of UVA dose (open squares).
Naringin pre-treatment signiﬁcantly reduced the
average number of foci per cell. This becomes visible
at all tested doses and Naringin was found to be capable to reduce the number of foci per cell to the control
level, even after 600 kJ/m2 in HaCaT cells. Naringin
pre-treatment reduces the efﬁciency of focus formation
from 0.96 to 0.28 foci per 100 kJ/m2 for the HaCaT
cells and from 1.2 to 0.98 for the ﬁbroblast, respectively
(see Figure 1A and B). The fact that Naringin clearly
reduces the number of gH2AX foci per cell supports the
idea that ROS may be involved in the formation of UVAinduced dsbs.
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To study the dose-dependent formation of dsbs in the
absence of DNA replication, we used G1 arrested cell
cultures and immuno-histochemical detection of gH2AX
foci. Figure 1A shows the dose–response curves for
HaCaT cells after acute irradiation and Figure 1B for
human primary skin ﬁbroblasts, expressed as foci per
cell versus UVA ﬂuence (black circles, dashed lines).
Apparently a linear dose dependence between the UVA
ﬂuence and the number of foci per cell was found.
HaCaT cells were found to be less sensitive compared to
the primary ﬁbroblasts, probably due to the higher
content of glutathione (see Supplementary Figure S2).
Linear regression showed a relationship of 0.96 induced
foci per 100 kJ/m2 for HaCaT cells and 1.25 induced foci
per 100 kJ/m2 for ﬁbroblasts. Representative micrographs
of immunoﬂuorescently detected gH2AX foci in HaCaT
cells are shown in Figure 1C for continuous irradiation
and split-dose exposure (2  200 kJ/m2). We conﬁrmed
that UVA doses used in this study and within the time
frame used in our experiments do not induce apoptosis
in HaCaT cells (Supplementary Figure S3). Therefore,
an interference of dsb detection by apoptotic events can
be excluded.

correlation coefﬁcients of 0.94 and 0.98, respectively) regression. Using this regression, the number of gH2AX
foci/cell increased from 0.96 to 1.4 foci/100 kJm2 for
HaCaT cells and from 1.2 to 2.6 foci/100 kJm2 for
human ﬁbroblasts when we compare acute to split-dose
irradiation. A typical micrograph for the split dose exposure is shown in Figure 1C bottom (for HaCaT cells). The
increase in foci number per cell becomes clearly visible in
Figure 1C (1  400 kJ/m2), where the cells have been
exposed to the same ﬁnal dose but in a single fraction.
Apparently, the split-dose irradiation increases the efﬁciency of DNA-dsb induction via mechanisms that
are e.g. saturated after exposure to a single dose and
which cannot be counteracted with comparable
efﬁciency by DNA-dsb repair in a 2-h period of recovery
(at 37 C) between dose fractions. We speculate that the
observed increase in the number of DNA-dsb
(gH2AX-foci) can be explained by recovery and/or replacement of photo-degraded endogenous PS, which
could not take place if the same ﬁnal dose is given in a
single fraction.
In a previous study, we have also demonstrated that
the number of foci increases after the exposure is
ended in HaCaT cells, exposed to 600 kJ/m2 UVA (37).
This suggests a processing step being evolved in the formation of UVA-induced dsbs, similarly to ionizing radiation (24).
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UVA-induced cH2AX phosphorylation in vitro

ROS formation is independent of UVA dose rate
To demonstrate that dsbs can be formed under physiological conditions, we used different dose rates and
measured the formation of ROS species in HaCat cells.
Taking data from Elwood et al. (40), as well as measurements from the German solar UVA network (www.
suvmonet.de) and satellite data-based values from
Meteosat measurements (www.soda.is.com), solar UVA
irradiance in the mid of Germany (53 N) reaches
values of 50 W/m2 in the month of June at noon. This
is about one-quarter of the irradiance, which we used in
our UVA irradiation experiments (200 W/m2). To exclude
that the higher irradiance used in our experiments introduces higher levels of ROS compared to irradiances found
in the natural sun, we measured dose-dependent ROS production at different UVA irradiances of 50 and 200 W/m2
using ROS sensitive dyes and ﬂow cytometry (see
‘Materials and Methods’ section). As can be seen from
Figure 1G, both irradiances produced the same amount
of ROS in a dose-dependent manner. We can therefore
exclude that our experimental conditions introduce artiﬁcial high ROS concentrations, which might not be found
under natural conditions.
UVA induces dsbs as measured by the neutral
Comet-assay
Figure 1. Replication-independent formation of gH2AX foci in
UVA-exposed HaCaT cells and primary human ﬁbroblasts. (A and
B) Dose–response curves for the formation of gH2AX foci in G1
arrested cells after continuous UVA exposure (ﬁlled circle). Split-dose
exposure leads to an increased number of foci in both cell types (ﬁlled
inverted triangle). Cells pre-treated with the antioxidant Naringin show
a reduced number of foci (open square). Means and SD are given.
(C) Typical sample micrographs of G1 arrested HaCaT cells
(controls: top), acute irradiation (middle: 1  200 and 1  400 kJ/m2)
as well as after split-dose irradiation (bottom: 2  400 kJ/m2). (D–F)
H2AX phosphorylation was quantiﬁed in the nuclear extracts following
acute irradiation. A dose-dependent increase in the amount of gH2AX
can be found up to 600 kJ/m2. With higher doses, saturation in the
amount of phosphorylated H2AX was found. In contrast, preincubation with the antioxidant Naringin reduces the amount of
phosphorylated H2AX. Data represent the mean of two experiments
and the SD. (G) Nuclear ROS levels at two different dose rates as
measured by Flow cytometry in HaCaT cells using chloromethyl20 ,70 -dichlorodihydroﬂuorescein diacetate, acetyl ester. A dosedependent, but dose-rate independent increase of the ROS levels was
detected with UVA doses used in this study and environmental relevant
doses and dose rates.

To directly assay DNA fragmentation and validate the
immunoassays based on the H2AX phosphorylation, we
measured overall DNA fragmentation by the Cometassay. This assay was used in its alkaline version to
detect both DNA-dsbs and ssbs. Additionally, we used
this approach to study whether the antioxidant Naringin
is capable to prevent the formation of DNA single-strand
breaks as well as the formation of dsbs.
The UVA dose–response relation for DNA damage
(after alkaline treatment, ssbs and dsbs) is plotted in
Figure 2A and B for keratinocytes and ﬁbroblasts. The
induction of ssbs follows a linear dependency, which
probably is the initial part of a saturation curve as mentioned earlier. HaCaT cells show an average of 6.4%
damaged DNA per 100 kJ/m2, while in contrast, the ﬁbroblast show only 3.7% damaged DNA. As can be seen
from Figure 2A and B, the Comet-assay revealed a reduction of DNA damage following split dose in both cell lines
(grey triangles). This is, at a ﬁrst glance, contradictory to
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To verify the immunohistochemical results for the gH2AX
focus formation, we monitored H2AX phosphorylation in
cell lysates. A clear dose–response was found on the level
of phosphorylation levels (Figure 1D). Figure 1D and E
shows that phosphorylation levels of gH2AX saturate at
higher UVA-ﬂuences (600–800 kJ/m2). The Naringin
treatment reduced the fraction of phosphorylated
histone H2AX nearly to the level of the control
(maximum 2.4-fold increase), while in contrast, a 40-fold
increase can be found with the acute irradiation after
600 kJ/m2. As loading control, a commassie brilliant
blue gel with the histone bands is shown (Figure 1F).
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UVA-induced dsbs arise from OCDLs

Figure 2. DNA fragmentation quantiﬁcation by Comet-assay. (A and
B) Total DNA damage (ssbs+dsbs) detected by the alkaline
Comet-assay (). Naringin-treated cells show lower levels of DNA fragmentation (open square). Split-dose irradiation (ﬁlled inverted triangle)
leads to a DNA damage comparable to a single exposure of 200 kJ/m2,
for details see text. (C and D) Neutral Comet-assay shows a
dose-dependent induction of DNA breaks (). The number of breaks
can again be reduced by the antioxidant (open square). In contrast to
the alkaline Comet-assay, the neutral version reveals an increase of the
number of dsbs if the irradiation is performed in split dose (ﬁlled
inverted triangle). All measurements are means of medians together
with SD. Representative micrographs for comet specimens are shown
for alkaline Comet-assay (top) and neutral Comet-assay (bottom) for
the indicated treatments.

the immuno-histochemical data presented earlier, where a
split-dose irradiation increases the number of gH2AX
foci. However, the alkaline Comet-assay mainly detects
ssbs, with repair half-times of minutes. Therefore, the
majority of ssbs is repaired within the incubation
between fractionated exposures, which we showed earlier
(22). Taken together this results in a split-dose efﬁciency
of DNA-damage induction which is not signiﬁcantly
different from that detected after a single exposure of
200 kJ/m2. For HaCaT cells, this results in a decrease of
damage induction from 6.4% to 0.8% per 100 kJ/m2. For

To test whether the UVA-induced dsbs are generated
through clustered oxidatively induced DNA lesions, we
performed a modiﬁed neutral Comet-assay, where FPG
was used as an enzymatic probe to reveal unprocessed
oxidative DNA base lesions and convert them into ssbs.
If the strand breaks occur in close proximity they are converted to dsbs and can be detected by the neutral
Comet-assay. Therefore, we exposed G1 arrested HaCaT
cells to a single dose of 600 kJ/m2 UVA and measured the
OCDLs and dsbs during a time course of repair, where
cells were incubated at 37 C. We analysed these data using
the Olive Tail Moment (OTM) as a measure for DNA
fragmentation since most of the existing literature uses
it. In control cells, a background level of dsbs and a
very low level of OCDLs were detected. The very small
extra fragments generated by the FPG treatment are
visible as a small cloud extending from the comet in the
direction of electrophoresis (Figure 3A, top row). This is
also reﬂected in an increased OTM from 3.8 ± 1.0 to
4.3 ± 0.6 after FPG treatment, representing the endogenous FPG-sensitive sites. Directly after exposure to a single
dose of 600 kJ/m2, the OTM of the untreated sample increases to 6.9 ± 1.4. A large amount of OCDLs can be
observed in the FPG-treated sample represented by an
OTM of 13.3 ± 2.0. During the repair time of 1 h, the
amount of dsbs is nearly constant with only a slight
increase between 0 and 45 min as depicted in Figure 3B.
In contrast, the amount of remaining clustered FPG
lesions is decreasing (grey bars). This is shown as the difference between FPG-treated samples to non-treated
samples (top line in Figure 3B). This repair kinetics
reﬂect previous ﬁndings on gH2AX foci after UVA exposure that showed an increase with a plateau 30 min after the
end of irradiation and then a constant level up to 6 h postirradiation (37). A possible reason for not seeing the initial
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the ﬁbroblast, the values were calculated to decrease from
3.7 to 1.5%, respectively.
The effect of Naringin in preventing UVA-induced
DNA damages is plotted in Figure 2A and B (open
squares). Compared to the untreated cells, Naringin treatment signiﬁcantly reduces the amount of damaged DNA.
The slope of ﬁtted straight lines decreased from 6.4% to
0.9% of damaged DNA per 100 kJ/m2 (HaCaT) and from
3.7% to 1.5% (ﬁbroblasts). Nevertheless, the alkaline
Comet-assay reveals that the ssbs are not completely prevented by the Naringin treatment, especially in the
ﬁbroblasts.
The results from the neutral version of the Comet-assay,
which detects predominantly dsbs, are plotted in
Figure 2C and D. Again a dose-dependent increase in
DNA fragmentation can be found. A linear regression
shows 5.1% DNA in tail per 100 kJ/m2 for HaCaT cells
and 4.4% DNA in tail per 100 kJ/m2 for the ﬁbroblasts.
After split-dose irradiations, the level of DNA fragmentation increases to 6.1% DNA in tail/100 kJ/m2 (HaCaT)
and 5.8% (ﬁbroblasts). The effect of Naringin is shown
in a reduction of the DNA fragmentation to 3.8% DNA
in tail/100 kJ/m2 (HaCaT) and 2.5% for the ﬁbroblasts.
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UVA induces clustered DNA damage, visualized on
stretched chromatin ﬁbres
To examine further, whether UVA-induced dsbs are
originating from clustered DNA lesions, we visualized
DNA damages on stretched chromatin ﬁbres. 8-oxoGuanine was detected using a monoclonal antibody, and
abasic sites were detected using the ARP (Molecular
Probes), a chemical compound that selectively couples
biotin to an abasic site, followed by biotin detection.
Figure 4A shows the detection of 8-oxo-dG, whereas
Figure 4B shows the detected abasic sites. Grey bars represent the relative number of individual signals, whereas
the black columns show the number of clusters. In
un-irradiated controls only a small amount of individual
sites can be seen for both types of DNA lesions (open
arrow heads). Quantiﬁcation revealed a relative frequency
of 5.5 ± 1.8 (8-oxo-dG) and 7.9 ± 1.6 (ARP) single signals. Nearly no clusters were detected (black columns,
ﬁlled arrowheads). After exposure to a single 600 kJ/m2
UVA dose 143 ± 40 (8-oxo-dG) and 153 ± 38 (ARP),
signals were measured. Also, the number of clustered
damage is elevated to 7.0 ± 2.8 (8-oxodG) and 4.4 ± 1.8

Figure 3. Oxidatively induced clustered DNA lesions (OCDLs) were
measured with the neutral Comet-assay and FPG as an enzymatic
probe. (A) Sample comets with (+FPG) and without (FPG) enzymatic
processing. An increase in DNA fragmentation can be seen for all
FPG-treated comets as partly separated DNA species in the direction
of electrophoresis. (B) Quantiﬁcation of OCDL. Grey bars represent

Figure 3. Continued
the FPG-treated cells, and the black bars represent the mock treated
ones. Shown are the means of medians; error bars represent the SD.
The black line above the bars shows the difference between FPG- and
mock-treated comets for each time point. (C) Repair kinetics for cells
exposed to UVA irradiation and repair incubated at 4 C (ﬁlled inverted
triangle) and 37 C (ﬁlled square). The overall level of DNA fragmentation is higher in cells kept at 37 C.
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increase here is that at this point we have a lag of 17 min
after exposure for handling the cells until beginning of
lysis, due to the fact the UVA exposure can not be done
with already embedded cells. Longer post-incubation (up
to 24 h) has shown that the level of DNA fragmentation
after UVA exposure is reduced to control level (22).
We interpret this result as an on-going incision of oxidative base damage by cellular repair systems that are
converted into dsbs due to close special proximity. Due
to the fact that we are detecting gH2AX foci in G1
arrested cells, we can exclude replication-dependent dsb
induction.
To test whether the observed induction of dsbs is due to
repair-mediated incisions, we performed the neutral
Comet-assay after the cells were irradiated on ice and
post-incubated at 4 C to reduce the repair capacity.
Figure 3C shows the comparison of cold irradiation/
post-incubation to the same treatment at 37 C. The
overall level of dsbs is higher in cells irradiated and
incubated at 37 C. Nevertheless the cells irradiated at
4 C already showed a signiﬁcant increase of DNA fragmentation directly after exposure. We suggest that this
fragmentation is due to the induction of closely spaced
ssbs, also supported by the reduction of the OTM 15min post-irradiation and the assumption that plain ssbs
are quickly repaired (41). The subsequent increase in
DNA fragmentation from 30 to 60 min possibly reﬂects
on-going slow incision of OCDLs.
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(ARP). When cells were pre-treated with Naringin and
UV exposed, both the number of single damage sites as
well as the number of clusters were reduced signiﬁcantly
(single sites 8-oxo-dG: 82 ± 23, ARP: 93 ± 20; clusters:
8-oxo-dG: 0.8 ± 1.2, ARP: 0.3 ± 0.5). Both DNA
lesions show clusters after UV exposure, this means that
the possibility of a conversion into dsbs is elevated
compared to a complete random induction of ssbs or
abasic sites. This ﬁnding further supports the theory that
UVA-induced clustered DNA damage can be regarded as
the source of dsb formation. These data correlate well to
the above-described results on UVA-induced clustered
oxidatively induced bi-stranded DNA lesions and the subsequent processing by cellular DNA repair machinery into
dsbs.
DISCUSSION
Today, UVA is an accepted carcinogen (3). Nevertheless,
the types of DNA damage induced by UVA are still not
completely understood (9,14). The classical point of view
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Figure 4. DNA damages visualized on stretched chromatin ﬁbres.
Quantiﬁcation of single and clustered signals of 8-oxo-dG (A) and
ARP (B), respectively. Grey bars represent the number of single
signals (left y-axis,) whereas black bars represent clusters (right axis).
At least 10 ﬁbres were analysed per data point and SDs are calculated.
A detail of representative ﬁbres is shown below the corresponding
columns, open arrowheads highlight singles, ﬁlled arrowheads
clusters. In green the total DNA is stained with YOYO-I. DNA
lesions are shown in red. The reduction in both single damage sites
as well as clusters after Naringin treatment is signiﬁcant on the
P < 0.05 level as calculated by unpaired t-test with Welch’s correction.

was that UVA induces predominantly oxidative damages
and among those the majority accounts for 8-oxo-guanine
(42). More recently, it was demonstrated that UVA is also
able to induce thymidine dimers, especially TT-CPDs,
although at a 1000-fold lower efﬁciency compared to
UVC (43,44). Even if CPDs are added to the UVA
damage proﬁle, there is still a gap to fully understand
the mutagenic potential of UVA radiation, at least in
hamster cells (45). In addition, UVA was reported to
induce dsbs (18,19,22,23,46). Dsbs could be a third component in the damage proﬁle of UVA and account a major
damage class explaining UVA-induced mutagenicity.
The energy of a single UVA photon is too low to induce
a covalent bound break or change. So all types of DNA
damage, such as oxidative base damage, oxidative
backbone damage, CPDs or dsbs, induced by UVA are
strictly dependent on—so far—unknown cellular sensitizers (6,9,47,48). Several chemical structures have been
suggested as potential sensitizers, e.g. cytochromes,
ﬂavins or NAD(P)H (9). Recent overviews of potential
PS have been given in (49,50). Since all damage induced
by UVA is dependent on radicals formed by the cellular
sensitizers, we need to consider a second fact: radicals are
highly reactive, short lived and have very limited diffusion
ranges [ranging from 2 nm (hydroxyl radical) to 100 nm
(singlet oxygen) for different radical species], at least if
we consider radical oxygen species to be the main source
of radicals involved in UVA-dependent DNA damage
(51,52). Taken together, photo-induced damage by UVA
has to be localized in a very restricted volume around the
cellular sensitizers.
A proposed model of dsb-induction is, therefore, based
on clustered ssbs in close proximity that are converted to a
dsb when they occur simultaneously and within 1.5 helix
turns (53). It is known that clustered ssbs [also arising
during DNA repair of OCDLs (26,54)] are treated as
dsbs by the cell (22,24). Additionally, it was shown that
clustered damage is especially mutagenic and cytotoxic
and has a reduced repair kinetic (25,26). This directly coincides with the results presented here and in previous
studies, demonstrating that UVA-induced dsbs are
generated with a temporal lag and have at least 6-h persistence (37). In a recent article, Cadet and Douki (10)
argued that the frequency of these events is too low,
since the frequency of 8-oxo-dGs induced by UVA and
the ratio of 8-oxo-dGs to ssbs would not allow a clustered
occurrence of ssbs to be converted to dsbs. This is true if
one assumes a random distribution of ROS generated by
randomly located sensitizers. Due to the short diffusion
range of the ROS in the vicinity of cellular sensitizers, we
have to assume that these are chromatin bound in one way
or the other (55). This would lead to the conclusion that
the damage is more clustered and less random.
From our results, we can conclude several new facts and
conﬁrm several steps of the clustered damage model:
(i) We conﬁrm that ROS are intermediates of the DNA
damaging process, especially for the dsb formation, since
the presence of an anti-oxidant (Naringin) does prevent
the formation of dsbs and ssbs. ROS also cause ssbs, but
obviously this damage is repaired too fast to be detected in
the split-dose experiments. This is reﬂected by the fact that

Nucleic Acids Research, 2012, Vol. 40, No. 20 10271

pathway in UVA-irradiated human cells. In their study,
only >15 gH2AX foci/cell were considered as dsb induction (17). However, this might indicate problems in sensitivity of their gH2AX-assay and a biased focus on HR as
the only dsb repair pathway. It is known that dsbs are
predominantly repaired by the non-homologous end
joining systems, especially if the cells are in G1 phase of
the cell cycle and breaks are directly ligatable (60), which
is the predominant case for dsbs generated by clustered
ssbs.
The relevance of these ﬁndings is highlighted by the
fact that UVA doses used in this investigation (up to
600 kJ/m2) can easily be accumulated under natural conditions from solar ambient UVA radiation. Based on a
model by Green and colleagues (61,62), which has been
extensively validated by comparison with measured
spectral irradiance at ground level (40), a UVA dose of
600 kJ/m2 will be accumulated at latitude 50–55 N, at
clear skies in the month of June between 11:30 am and
3:30 pm (40).
The fact that we could demonstrate our ﬁndings in both
primary human ﬁbroblasts as well as in the keratinocyte
cell line HaCaT indicates that we are describing a common
mechanism for the induction of dsbs by UVA and not just
a property of a given cell line. Dsbs are known to be precursor lesions of chromosome aberrations. We could
recently show that UVA induces chromosomal aberration
in human keratinocytes and that these cells give rise to
squamous cell carcinoma after transplantation into nude
mice (37). As UVA represents the major component of
solar UV radiation and artiﬁcial UV used in sunbeds,
the results of our study might have important implications
in skin cancer aetiology and risk assessment.
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Supplementary Information S1
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S1: Control of the γH2AX immuno assay. Cells were exposed to 1 Gy X-rax and subjected to
the same staining protocol as in figure 1.
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S2: Glutathione level in unirradiated and UVA exposed cells. 5x106 cells were lysed and asayed with
the ApoAlert Glutathione assay kit (Clontech) according to the manufacturer. Fluorescence intensity
of monochlorobimane was measured in a Victor plate reader (Perkin Elmer) with exitation at 355 nm
and emmission 460 nm longpath. Fluorescence readings were normalized to the total protein amount
in the sample.
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S3: Apoptosis detected in HaCaT cells exposed to 900 kJ/m2 UVA and postincubated in normal
growth medium for the indicated time. The number of apoptotic cells was determined either by
annexin V staining followed by fluorescence microscopy or by the measuring the Caspase 3 activity
using the the caspase 3 colorimetric kit from R&D Systems. UVA expsore does not induce significant
levels of apoptosis in the first 8 hours post irradiation and thus should not influence the dsb detection
as discussed in the main text.

