










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

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 treat-
ment 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 pre-
vented 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 fragmenta-
tion 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.

UVA-induced dsbs arise from OCDLs

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 con-
verted 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 endogen-
ous FPG-sensitive sites. Directly after exposure to a single
dose of 600 kJ/m2, the OTM of the untreated sample in-
creases 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 45min as depicted in Figure 3B.
In contrast, the amount of remaining clustered FPG
lesions is decreasing (grey bars). This is shown as the dif-
ference between FPG-treated samples to non-treated
samples (top line in Figure 3B). This repair kinetics
reflect previous findings on gH2AX foci after UVA expos-
ure that showed an increase with a plateau 30min after the
end of irradiation and then a constant level up to 6 h post-
irradiation (37). A possible reason for not seeing the initial

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 frag-
mentation (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.
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increase here is that at this point we have a lag of �17min
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 oxi-

dative 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 frag-
mentation 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 15-
min post-irradiation and the assumption that plain ssbs
are quickly repaired (41). The subsequent increase in
DNA fragmentation from 30 to 60min possibly reflects
on-going slow incision of OCDLs.

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-oxo-
Guanine 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 rep-
resent 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 sig-
nals. Nearly no clusters were detected (black columns,
filled arrowheads). After exposure to a single 600 kJ/m�2

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 fragmen-
tation is higher in cells kept at 37�C.
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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 sub-
sequent 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

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 com-
ponent 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 sensi-
tizers (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 co-
incides 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 per-
sistence (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

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.
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the alkaline Comet-assay, which detects ssbs and alkali
labile sites, does not show an increase in damage levels
after split-dose irradiation. Thus, implying a repair mech-
anism faster than the split-dose recovery time of 2 h which
is well within the accepted time frame of BER repair
(41,56). (ii) We could demonstrate that a split-dose irradi-
ation scheme enhances the number of dsbs, suggesting that
a sensitizer can also be depleted (most likely
photooxidized) by photon absorption. If this happens,
sensitizers can no longer function in the generation of
ROS. However, given some time (as in split dose experi-
ments) these sensitizers can be exchanged and produce
ROS and dsbs again. The number of DNA dsbs not
fully repaired after the first dose fraction plus those
being produced with the second-dose fraction is then ap-
parently higher than the one produced by a single (high)
dose which might be able to exhaust the relevant PS pool.
These findings are in agreement with an investigation by
Hoffmann-Doerr et al. (57) who explained their results of
split-dose experiments of FPG-sensitive sites after UVA/
visible light exposure by a photosensitizier exhaustion
mechanism. It should be noted also that, in our investiga-
tion, the split-dose effect is stronger when detected by the
gH2AX foci compared to the detection on the level of
DNA fragmentation (neutral Comet-assay). This
suggests a prolonged existence of the gH2AX foci exceed-
ing the DNA re-ligation event. (iii) We were able to dem-
onstrate that UVA induces a large quantity of clustered
oxidative DNA lesions as detected with FPG as an enzym-
atic probe together with the neutral Comet-assay. This
does not cover all possible oxidative damage, only FPG
sensitive sites [7, 8-dihydro-8-oxoguanine (8-oxoguanine),
8-oxoadenine, fapy-guanine, methy-fapy-guanine, fapy-
adenine, 5-hydroxy-cytosine and 5-hydroxy-uracil] and
ssbs, but these are the most common DNA lesions induced
by UVA. Additionally, we could demonstrate that the dsb
formation is dependent on the temperature. Reduced tem-
perature during irradiation and post-incubation (4�C)
leads to a significant decrease of detected DNA fragments
in the neutral Comet-assay. (iv) When we determine
DNA damage on stretched chromatin fibres, we see
clusters of damage at distinct points. This fits the model
of spatially fixed sensitizers at specific sites in the chroma-
tin. Importantly it is seen for different UVA-induced
DNA lesions, such as 8-oxo-dG and abasic sites. So it is
a direct hint to a locally higher concentration of ROS,
which would most likely be able to cause clustered
damage. These findings are also supported by work of
Ito et al. (58), who showed that, e.g. 8-oxo-dG formation
on double-stranded (naked) DNA proceeds through the
direct interaction of (UVA-) photosensitized riboflavin
with DNA. This reaction pathway of DNA-dsb induction
might be similar or even identical to that described after
the application of ionizing radiation, which produces a
comparable pattern of ROS (59).

Taken together, we conclude from our results that there
is indeed a replication-independent induction of dsbs by
UVA exposure, as reported earlier by several other studies
(18,22,23,37). Our results seem to be in disagreement with
the recent report by Rizzo et al. who did not find activa-
tion of the homologous recombination (HR) dsb repair

pathway in UVA-irradiated human cells. In their study,
only >15 gH2AX foci/cell were considered as dsb induc-
tion (17). However, this might indicate problems in sensi-
tivity 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 con-
ditions 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 pre-
cursor 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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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. 

DAPI

γH2AX

Supplementary Information S1



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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Supplementary Information S3

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.   


