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ABSTRACT

Thiopurine antimetabolites, such as azathioprine (Aza) and 6-thioguanine (6-TG), are
widely used in the treatment of cancer, inflammatory conditions and organ
transplantation patients. Recent work has shown that cells treated with 6-TG and
UVA generate ROS, with implied oxidatively generated modification of DNA. In a
study of urinary 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) in renal transplant
patients, we provided the first in vivo evidence linking Aza and oxidatively damaged
DNA. Using the hOGG1 comet assay we herein demonstrate high levels of 8-oxodG
and alkali-labile sites (ALS) in cells treated with biologically relevant doses of 6-TG,
or Aza, plus UVA. This damage was induced dose-dependently. Surprisingly, given
the involvement of 6-TG incorporation into DNA in its therapeutic effect, significant
amounts of 8-oxodG and ALS were induced in quiescent cells, although less than in
proliferating cells. We speculate that some activity of hOGG1 towards unirradiated,
6-TG treated cells, implies possible recognition of 6-TG or derivatives thereof. This
is the first report to conclusively demonstrate oxidatively damaged DNA in cells
treated with thiopurines and UVA. These data indicate that Aza-derived oxidative
stress will occur in the skin of patients on Aza, following even low level UVA
exposure. This is a probable contributor to the increased risk of non-melanoma skin
cancer in these patients. However, as oxidative stress is unlikely to be involved in the
therapeutic effects of Aza, intercepting ROS production in the skin could be a viable

route by which this side effect may be minimised.
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1. Introduction

The thiopurine antimetabolites, such as azathioprine (Aza) and 6-thioguanine (6-TG),
are widely used in the treatment of cancer and inflammatory conditions [1], as well as
in the therapy of organ transplant patients [2]. However, despite there being a
significant amount of literature concerning the use of thiopurines, little is known
concerning their mode of action [3]. It is clear that the inactive pro-drugs, 6-TG or
Aza, are metabolised to DNA precursors, such as 6-thio-2’-deoxyguanosine
triphosphate (6-TdGTP) [4], in the 2’-deoxyribonucleotide pool where they are
substrates for DNA polymerases. Incorporation into DNA appears to be, in part,
necessary for their cytotoxic action [4,5], leading to a variety of DNA modifications,
such as chromatid damage [6], DNA strand breaks and DNA-protein crosslinks. Also
required is an active DNA mis-match repair system, and whilst the effects of purine
starvation have been suggested, DNA damage seems to be the main mechanism for
the cytotoxic effects of thiopurines [7].

It is well established that transplant patients are at a high (some 50- to 200-
fold [8]) risk of developing malignancy, most frequently non-melanoma skin cancer
[9,10], and squamous cell carcinoma (SCC) specifically, which has been largely
attributed to immunosuppression, in conjunction with ultraviolet radiation (UVR)
exposure [11]. Indeed Aza, specifically, has been shown to enhance UV-induced skin
carcinogenesis in mice [12]. The carcinogenic effect of UVR is therefore particularly
relevant to transplant patients. Although the predominant DNA modifications
induced by solar UVR are dimeric photoproducts, such as cyclobutane pyrimidine
dimers (CPD [13]), UVR also generate reactive oxygen species (ROS), which can
lead to the oxidatively generated modification of various cellular molecules, including

DNA [14]. The ROS produced by UVA is predominantly singlet oxygen (*O,) [15],
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albeit with some contribution from hydroxyl radicals ("OH) [14], whereas the
mechanism for UVB-induced formation of oxidatively modified DNA is less clear,
and may involve formation of, oxygen independent, nucleobase radical cations, *“OH
and 'O, [14], or combinations thereof. ROS-induced DNA damage is of particular
relevance to carcinogenesis [16], as over 70 products have been described [17], many
of which have proven cellular effects related to carcinogenesis [18]. The induction of
oxidatively generated damage to DNA is therefore likely to be an important factor in
UVR-induced carcinogenesis [19-22].

Recent work has shown that incorporation of 6-TG into DNA of cultured cells,
and subsequent exposure to UVA generates ROS, with implied oxidatively generated
modification of DNA [23]. This study was followed up with a report which provided
evidence for the formation of novel DNA lesions, of which guanine-6-sulphonate
(G°°®) appeared to predominate, following UVA irradiation of free 6-TG and 6-TG-
containing oligomers, and that singlet oxygen was most likely to be the ROS involved
[24]. The induction of oxidative stress may well contribute towards the phototoxicity
and lowering of minimal erythemal dose for UVA irradiation, following treatment of
mice [25] or humans [23] respectively, with Aza.

We recently described a study of urinary 8-oxo-7,8-dihydro-2’-
deoxyguanosine (8-oxodG), a widely used biomarker of oxidative stress, in renal
transplant patients with and without SCC [26]. In addition to providing evidence that
a sub-population of renal transplant patients are under greater oxidative burden, and
are particularly predisposed to skin cancer, we also noted a significant association
between Aza treatment and urinary 8-oxodG (P = 0.02), providing the first in vivo
evidence linking Aza use and oxidatively modified DNA. The purpose of the present

study was to investigate, in vitro, whether azathioprine, in conjunction with UVA,
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may generate significant amounts of oxidatively damaged DNA (8-oxodG and alkali-

labile sites, ALS), under physiological conditions and at biologically relevant doses.
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2. Materials and methods

2.1. Reagents

Minimal essential medium (MEM) with Earle’s salts and non-essential amino acids,
fetal bovine serum (FBS), and Glutamax-I were purchased from Invitrogen (Paisley,
UK). The DNA repair enzyme, human 8-oxoguanine DNA glycosylase 1 (hOGG1),
was purchased from New England Biolabs (Hitchin, UK). Aza and 6-TG, along with
all other chemicals and reagents were purchased from Sigma-Aldrich (Poole, UK),

unless otherwise stated.

2.2. Cell line and culture conditions

GM5399 primary human diploid fibroblasts (HDFs), whose provenance is described
elsewhere [27], were purchased from NIGMS Human Genetic Cell Repository
(Coriell Institute for Medical Research, Camden, NJ). Cells were grown as a
monolayer in MEM with Earle’s salts, supplemented with 2 mM Glutamax-I, non-
essential amino acids, 10 % (v/v) FBS, at 37 °C, in a humidified atmosphere,
comprising 5 % CO,. In experiments where serum starvation was performed, cells
were grown until nearly confluent and subsequently incubated in medium containing

0.5 % FBS for further 48 h.

2.3. Azathioprine/6-thioguanine treatment and UVA irradiation

Sub-confluent cells were incubated with clinically relevant doses of either 6-TG or
Aza (1 puM, final concentration, or in the case of the dosing experiments 0.2 uM, 1
UM, 5 uM 6-TG [28]) for 48 h, prior to irradiation with 1 J/cm®* UVA. UVA

irradiation was performed using a custom-made exposure cabinet (Hybec Ltd,
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Leicester, UK), which contains a bank of six Philips Cleo Perfomance/40 W
fluorescent tubes, with a Schitt Desag M-UG2 UV transmitting absorption glass filter
(HV Skan, Solihull, UK) to remove both visible and infrared wavelengths. The
wavelength emission spectrum of this filtered source was characterised using a single
monochromator diode array spectrometer, and confirmed to be free of UVB
(Laboratory of Atmospheric Chemistry, Department of Chemistry, University of
Leicester). Dosimetry was determined using an MP-100 UV radiometer, in
conjunction with an MP-136 UV sensor (Knight Optical Technologies, Surrey, UK).
Culture medium was removed and the cells rinsed with PBS prior to irradiation, on
ice, with the cells covered in a minimal volume of PBS. Immediately following

irradiation, cells were prepared for the comet assay, where appropriate, as follows.

2.4. Human 8-oxoguanine glycosylase 1 (hOGG1)-modified comet assay (hOGG1
comet)
DNA damage was assessed using the human 8-oxoguanine glycosylase 1 (hOGG1)-
modified comet assay (hOGG1 comet), first reported by Smith et al. [29], but with
specific refinements of this assay. Both the concentration of hOGG1 enzyme and the
incubation period were optimised at 50 pL/gel of hOGGI [diluted 1:500 in enzyme
reaction buffer (40 mM HEPES, 0.1 M KCI, 0.5 mM disodium EDTA, 0.2 mg/mL
BSA, Ph 8.0) to a final concentration of 3.2 U/mL] and at 37 °C, in a humidified
atmosphere, for 45 min. Comet assay conditions were as those described by Duarte et
al. [27], as below.

HDFs were suspended in 0.6 % low melting point agarose. Eighty microlitres
of the agarose gel (containing approximately 2 x 10* cells) were dispensed onto glass

microscope slides, coated previously with 1 % normal melting point agarose. The
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agarose was allowed to set on ice under a coverslip and the slides left overnight in ice-
cold lysis buffer (100 mM disodium EDTA, 2.5 M NaCl, 10 mM Tris-HCI, pH 10,
containing 1 % triton X-100 which was added freshly). Slides were washed once with
distilled water and immersed in two changes of enzyme digestion buffer [40 mM
HEPES, 0.1 M KCI, 0.5 mM EDTA and 0.2 mg/ml BSA (pH 8.0)], for 5 min each
time, at room temperature. hOGG1 was added to the gel (50 pL/gel) diluted 1:500 in
enzyme reaction buffer to a final concentration of 3.2 U/mL. Gels were covered with
a cover slip and incubated in a humidified chamber for 45 min at 37 °C. The cover
slips were removed and the slides were placed in a horizontal electrophoresis tank,
covered with cold alkaline electrophoresis buffer (300 mM NaOH, 1 mM disodium
EDTA, pH > 13) for 20 min and electrophoresed at 27 V (0.7 V/cm) and 300 mA for
20 min. Discrimination between AP sites and SSB was achieved by performing
electrophoresis at pH > 13 vs. pH ~ 12, respectively [30]. Slides were neutralised
with 0.4 M Tris-HCI, pH 7.5 for 20 min, washed with distilled water, and then
allowed to dry. All procedures were carried out under subdued light to minimise
adventitious DNA damage. For staining, slides were re-hydrated in distilled water,
incubated with a freshly made solution of 2.5 pug/mL propidium iodide (PI) for 20
min, washed again for 30 min and allowed to dry. Comets were visualised by
fluorescence microscopy at x200 magnification. Images were captured by an on-line
CCD camera and analysed with the Komet Analysis software version 5.5 (Andor
Bioimaging, Nottingham, UK). A total of 100 cells were analysed per sample, 50 per
duplicate slide. The percentage of DNA in the tail of the comet (% tail DNA) was

calculated for each cell by the Komet Analysis software.
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2.5. T4 endonuclease V-modified comet assay (T4 endoV comet)

Cyclobutane pyrimidine dimers (CPD) were assessed using the T4 endoV comet-
modified comet assay [31], with refinements for the cell type used here. Both the
concentration of T4 endoV and the incubation period were optimised at 60 pL/gel of
T4 endoV [diluted 1:100 in enzyme reaction buffer (40 mM HEPES, 0.1 M KClI, 0.5
mM disodium EDTA, 0.2 mg/mL BSA, pH 8.0) to a final concentration of 0.1 U/mL]
and 60 min, at 37 °C in a humidified atmosphere. Comet assay conditions were as

those described by Duarte et al. [27], above.

2.6. Cell viability

For the routine assessment of loss of membrane integrity, cells underwent the trypan
blue dye exclusion assay. However, for the assessment of cytotoxicity, cells were
examined by the Pl uptake assay, as described elsewhere [27]. Briefly, cells were pre-
incubated with 6-TG or Aza (1 uM) for 48h, and then irradiated with 1 J/cm® UVA, or
sham irradiated, as described above. Cells were then replated in fresh medium, in the
absence of 6-TG or Aza, and returned to the incubator for 48 h after which they were
resuspended in PBS containing 5 ug/mL Pl. A FACScan flow cytometer, in
conjunction with Cell Quest software, was used to analyse 10,000 cells per treatment.
Identification of dead cells was via a FL2 vs. forward light scatter plot, by their

inability to exclude Pl and a decrease in cell size.
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3. Results
3.1. Induction of 8-0xodG in cellular DNA
Initial experiments using the hOGG1 comet demonstrated significant (P<0.0001)
levels of both 8-oxodG and ALS in HDFs treated with 1 uM 6-TG in conjunction
with 1 J/cm? UVA, compared to the corresponding, untreated, sham-irradiated control
(CSI + 6-TG + hOGG1; Figure 1A). Performing comet analysis, in the absence of
hOGG1, allows for the examination of single strand breaks (SSB) and, at pH >13,
ALS, which may include apurinic/apyrimidinic (AP) sites, oxidised AP sites and
certain modified bases [32], depending upon the DNA damaging system used. This
demonstrated that approximately 50 % of the damage revealed by hOGG1 comet was
ALS, levels of which were also statistically significant (P<0.0001), compared to the
corresponding control (CSI + 6-TG — hOGG1). Consistent with a recent report [13],
we noted essentially no 8-oxodG formation in cells treated with UV A alone, likewise
we saw no formation of ALS, not least due to the dose used (Figure 1A). Whilst
treatment of HDFs with 1 uM 6-TG, in the absence of UVA, failed to produce any
damage, as determined by the alkaline comet assay; when hOGG1 was employed,
significant levels of damage were revealed (P<0.0001, compared to CSI + hOGG1).
A number of reports have indicated that the induction of CPD by UVA is much
greater than previously thought [13,33] and hence, could be responsible for the
mutagenicity of Aza in conjunction with UVA. However, we noted a minimal
increase in CPD, compared to 8-oxodG and ALS (Figure 1A).

Experimentally, 6-TG is frequently used as a surrogate for Aza, to obviate the
need for metabolic activation, however, we also examined whether HDFs could
metabolise Aza to thioguanine 2’-deoxyribonucleotide triphosphate, and subsequently

damage DNA. The results obtained using Aza (1 uM and 1 J/cm?® UVA) were very
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similar to those with 6-TG, including the production of damage, recognised by
hOGG1, following treatment with Aza, but in the absence of UVA (Figure 1B). We
thereby demonstrated the formation of a significant (P<0.0001) levels of ALS and 8-
oxodG in cells treated with 6-TG and UVA (Figure 1A), and likewise for Aza plus
UVA (Figure 1B).

We were also able to demonstrate a clear dose-response in 8-oxodG formation,
with increasing concentration of 6-TG used (Figure 2). As before, use of hOGG1 in
the comet assay revealed greater levels of damage however, in contrast to ALS, levels
of 8-oxodG appeared to approach a plateau at the highest doses. In order to
investigate whether incorporation of 6-TG into DNA was a pre-requisite for formation
of 8-oxodG in DNA, we performed the same experiment, as above, only using serum
starved cells. Previous studies have shown that serum starvation for 48 hr renders
primary skin fibroblasts quiescent, with > 90 % of the cells arrested in Go/G; [34], and
we confirmed that this was the case for our HDFs (data not shown). Perhaps
surprisingly, we still noted formation of significant levels of damage, both 8-oxodG
and ALS (Figure 3), although levels of both were significantly decreased (P<0.0001)
compared to proliferating cells (Table 1). In contrast to what we have noted for
proliferating cells (above), treatment of serum starved cells with UVA alone, did

appear to induce 8-oxodG, although not ALS (Figure 3).

3.2. Effect of thiopurines and UVA upon cell viability

The viability of HDFs following the various combinations of treatments was assessed
(Figure 4). Treatment of cells with 6-TG and UVA produced a modest, albeit
statistically significant (p<0.01), decrease in cell viability compared to control,

unirradiated cells. In the absence of irradiation, 6-TG had no effect upon viability.
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Treatment of cells with Aza or UVA, individually or in combination, had no effect

upon viability.
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4. Discussion

There is growing in vitro evidence for the formation of ROS [23] and oxidative stress
being induced by 6-TG and UVA, which includes evidence for protein oxidation
(PCNA specifically [35]). It might therefore be expected that DNA will also be
oxidised. This is the first report to directly demonstrate the formation of significant
levels of oxidatively damaged DNA, both ALS and 8-oxodG, in cells treated with
biologically relevant doses of 6-TG and UVA. This is an important advance on
previous reports, which either simply implied the formation of oxidatively damaged
cellular DNA [23], or reported the formation of novel DNA lesions (e.g. G°%°), but
did not demonstrate their presence in the DNA of treated cells [24], and have largely
overlooked the formation of other DNA products induced by *O; [36].

Based upon its substrate specificity, it is important to be circumspect when
attributing hOGG1-sensitive sites solely to 8-oxodG. For example, two *OH-induced
products, 2,6-diamino-4-hydroxy-formamidopyrimidine (FapyGua) and, to a much
lesser extent, 4,6-diamino-5-formamidopyrimidine (FapyAde), are amongst the
substrates for hOGG1 [37]. However, under our experimental conditions, we are
confident that the majority of the hOGG1-sensitive sites are indeed 8-oxodG.
Justification for this derives from: (i) ROS generated by UVA is predominantly O,
(85 %), rather than "OH (15%) [14]; (ii) existing work on Aza/6-TG and UVA report
10, to be the major damaging species [35], presumably over and above that seen with
UVA alone; plus (iii) guanine is sole the target for ‘O, under neutral aqueous
conditions [38]; and (iv) 8-oxodG is the predominant form of DNA damage induced
by 0, [39].

In this study, approximately 50 % of the total damage is 8-oxodG, the

remainder being ALS (which includes SSB and AP sites). Whether 'O, can generate
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SSB and AP sites in cellular DNA has been the subject of some debate. However, a
thorough study by Ravanat et al. [40], using a pure O,-generating system, concluded
that 1O, does not produce significant levels of SSB or AP sites. The authors went on
to suggest that low levels of ALS are the consequence of subsequent oxidation of 8-
0x0dG to products such as imidazolone, oxazolone [41] and oxaluric acid [42], some
of which are alkali-labile [32]. It is also possible that SSB arise, transiently, from
endogenous, cellular repair activity towards DNA damage [40] e.g. hOGG1. In
contrast to the water soluble, thermolabile endoperoxide-derived *O, used in the
above study, which is generated in cell culture medium, we would argue that 6-TG-
derived 'O, is generated in relative close proximity to DNA. On this basis, levels of
8-ox0dG and its secondary oxidation products would be expected to be much greater
compared to the system used by Ravanat et al. [40], and hence could account for the
greater number of ALS we report. It has been reported that performing unwinding
and electrophoresis at pH ~ 12 versus pH > 13 can discriminate between agents which
induce SSB alone, and those that induce ALS [43]. Repeating the above experiment,
comparing comet conditions at pH ~ 12 to pH > 13 indicated minimal SSB formation
following treatment of cells with 6-TG plus UVA (data not shown), although this
result might be viewed with caution, as normal and oxidised AP sites are readily
converted to SSB under mildly alkali conditions. Similar levels, and ratio of 8-oxodG
to ALS, of damage were also noted in cells treated with Aza, confirming the ability of
HDFs to metabolise Aza.

CPD and pyrimidine (6-4) pyrimidone photoproducts are widely considered to
be the lesions responsible for mutagenicity of solar UVR [44], an argument
strengthened by the growing evidence that pure UVA can also induce CPD [13,33].

On this basis, CPD formed during the treatment of cells with Aza in conjunction with
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UVA, could be the underlying cause of the mutagenicity of this treatment. However,
we demonstrate that, dose-for-dose, minimal levels of CPD are induced following
UVA alone, compared to 8-o0xodG and ALS in UVA + 6-TG-treated cells.

The results for the cells treated with 6-TG (or indeed Aza), but not UVA, and
assayed by hOGG1 comet do not seem entirely straight forward, as they showed a
significant, 50 % increase in damage, compared their to corresponding control. In the
absence of hOGG1, no ALS were detected. This suggests that, either (i) 8-oxodG,
specifically, is formed due to ambient, white light exposure, or, (ii) to some extent, 6-
TG, or derivatives thereof, in DNA is a substrate for hOGG1, at the particular
concentration of enzyme and incubation period used. The former also relies upon the
formation of 8-oxodG, in the absence of ALS which if, as for UVA, the damaging
species is 'O, would seem unlikely, furthermore we have been unable to demonstrate
8-oxodG formation in 6-TG treated cells irradiated with white light (data not shown).
The second hypothesis adds 6-TG to the substrate repertoire of hOGG1 which has
been reported to be 8-oxoGua, methyl-2,6-diamino-4-hydroxy-5-
formamidopyrimidine and FapyGua, preferentially when paired opposite cytosine
(Cyt) [45], the latter adding a further level of specificity [37]. Furthermore, 6-TG is
structurally very different from 8-oxodG, so removal of this modified base by hOGG1
might be considered unlikely. However, recently it has been reported that hOGG1
also has some activity towards 8-thio-2’-dG, 7-methyl-8-0x0-2’-dG and 7-deaza-2’-
dG in double-stranded oligonucleotides [46]. Additionally, it would appear that
hOGG1 can catalyse N-glycosidic bond cleavage of the human cytomegalovirus
inhibitor 2-bromo-5,6-dichloro-1-(-D-ribofuranosyl)benzimidazole, and its 2-chloro
homologue, 2,5,6-trichloro-1-(-D-ribofuranosyl)benzimidazole [47]. Whilst this latter

activity is towards free nucleosides, these two reports nevertheless raise the possibility



Azathioprine and UVA = 8-0x0dG 16

that the repertoire for hOGG1 may be greater than previously thought, and might
include 6-TG, especially if high levels of incorporation have occurred. In DNA, 6-TG
Is incorporated as if it were guanine, opposite Cyt, which is at least a base pairing that
matches the known repertoire of hOGG1. It should be considered that ~ 1 in 10* to 1
in 10° DNA 6-TG can be methylated to 6-methyl-thioguanine [7] and hence may also
represent a possible substrate for hOGG1. However, structurally 6-me-TG is even
less like 8-oxodG and, after replication, mis-pairs with thymine. Further, indirect
evidence that 6-TG in DNA might be a substrate for hOGG1 comes from the results
with non-proliferating cells. In this experiment, the CSI + 6-TG treated cells do not
show any increase in percentage tail DNA, unlike the corresponding treatment in
proliferating cells. This is explained by 6-TG not having been incorporated into
DNA, and is hence not available as a substrate for hOGG1. The possibility of hOGG1
having a broader substrate specificity warrants further investigation for, at present, it
is not known whether or not hOGG1 recognises 6-TG, its methylated equivalent, or
indeed its putative oxidation products, such as G>%°.

Levels of 8-oxodG and ALS increased with increasing dose of 6-TG, in
conjunction with UVA. Damage was induced with doses of 6-TG as low as 0.2 uM
and, whilst 8-oxodG levels appeared to plateau at around 1 puM, this was not the case
for ALS which increased further at 5 uM. Explanation for this may be that the
amount of substrate has saturated available enzyme, or that 6-TG incorporation
plateaus at high 6-TG concentrations.

Incorporation of thiopurine derivatives into DNA is thought to be a pre-
requisite for their clinical effectiveness, whereas inhibition of de novo purine
synthesis has a less significant role [7]. In contrast, our data with quiescent cells

indicates that some damage still occurs, albeit at significantly lower levels than in
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proliferating cells. This would imply that, even in non-proliferating cells, there is still
nucleobase, and hence 6-TG, uptake and metabolism to 2’-deoxyribonucleotides, even
if no incorporation into DNA occurs. On this basis, we surmise that it is still possible
for the 6-TG metabolite, 6-TdGTP, to absorb UVA and form 'O, which can
subsequently damage DNA. As discussed above, generation of *O, away from the
close proximity of DNA would be expected to produce lower levels of damage than
those derived from photosensitised formation from 6-TG in DNA, hence we do see
damage in non-proliferating cells, but much less than in actively dividing cells.
Another phenomenon observed was that, in contrast to actively dividing cells,
irradiation of non-proliferating HDFs with UVA alone, resulted in a modest, but
significant, increase in 8-0xodG, although not ALS. This implies a greater sensitivity
to UVA in non-proliferating, compared to proliferating cells.

In our previous work, we reported a significant association between Aza
treatment and urinary 8-oxodG (P = 0.02) in renal transplant patients. The current
understanding is that the most likely and logical source of urinary 8-oxodG is from
sanitisation of the 2’-deoxyribonucleotide pool [48], this and the discussion in the
paragraph above raise the question, is the dNTP pool a target for 6-TG induced
oxidation? It seems highly likely that 6-TG is present in the dNTP pool as, for
incorporation into DNA to occur, 6-TG must be converted into 6-TdGTP which is
then a substrate for DNA polymerases [49]. There is also good evidence
demonstrating that 6-TG does not have to be in the context of DNA in order to
generate 'O, upon UVA irradiation. Aqueous solutions of both 6-TG and its
corresponding 2’-deoxyribonucleoside can autooxidise, following UVA irradiation
and subsequent generation of 'O, [24]. There is precedent for an agent, which is

normally thought to target DNA, to also exert a similar effect via modification of free
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2’-deoxyribonucleotides and incorporation into DNA [50]. It is therefore plausible
that O,, generated in the dNTP pool, modifies dGTP, which is a substrate for Nudix
hydrolases, such as NUDT1 [51]. This therefore represents a plausible mechanism for
the elevated levels of urinary 8-oxodG we noted previously [26].

Perhaps surprisingly, treatment with 6-TG and UVA, but not Aza, lead to a
small but significant decrease in viability, despite both treatments inducing
approximately the same amount of damage. It is possible that, the additional
metabolic steps required to convert Aza to TAGTP, limit the amount of incorporation
in our experimental system, compared to incubation with 6-TG, but the amount of
incorporation that does occur is sufficient to generate levels of 8-oxodG seen with 6-
TG.

Combined, the data presented here, along with other reports emerging in the
literature, strongly suggest that Aza-derived oxidative stress, and damage to DNA
specifically, will occur in the skin of patients on Aza, following even low level UVA
exposure. This is likely to be an important risk factor for non-melanoma skin cancer
in these patients. However, as it would appear that oxidative stress is not involved in
the therapeutic effects of Aza, which occur in the absence of UVA exposure, therefore
intercepting ROS production in the skin could be a viable route by which the risk of

this side effect may be minimised.
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Table 1. Comparison of levels of damage, induced by 6-TG and UVA, in quiescent

versus proliferating human diploid fibroblasts (HDFs).

Damage (% tail DNA) Treatment
Quiescent Proliferating
HDFs HDFs
8-0x0dG (mean +/- SEM) 26.4 (1.8) 52.5 (1.9)***
ALS (mean +/- SEM) 14.8 (0.9) 25.3 (1.3)***

*** P <0.0001
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Figure legends

Fig. 1A. Production of oxidatively damaged DNA in HDFs treated with
combinations of UVA (1 J/cm?) and 6-TG (1 uM), or Fig. 1B. UVA (1 J/cm?) and
Aza (1 uM). DNA damage analysis was by the alkaline comet assay with and without
hOGG1, representing both 8-oxodG and ALS, and ALS alone, respectively. In
addition, Fig 1A. shows levels of cyclobutane pyrimidine dimers, following 1 J/cm?
UVA irradiation, determined by the T4 endoV comet assay. Results are the mean (+/-
) SEM of four individual determinations. ** P = 0.002, *** P < 0.0001, compared to
corresponding control sham irradiated (CSI) sample, in the absence of 6-TG (with or

without hOGG1, or T4 endoV, treatment), unless otherwise indicated.

Fig. 2. Dose-response effect of 6-TG treatment, in conjunction with UVA irradiation
(1 J/cm?), on the production of oxidatively damaged DNA in HDFs. DNA damage
analysis was by the alkaline comet assay with (open bars) and without (hatched bars)
hOGG1, representing both 8-oxodG and ALS, and ALS alone, respectively. Results
are the mean (+/-) SEM of four individual determinations. *** P < 0.0001, compared
to corresponding control sham irradiated (CSI) sample, in the absence of 6-TG (with

or without hOGG1 treatment).

Fig. 3. Effect of treatment with 6-TG (1 uM) and UVA (1 J/cm?) upon the production
of oxidatively damaged DNA in HDFs rendered quiescent by serum starvation. DNA
damage analysis was by the alkaline comet with (open bars) and without (hatched
bars) hOGG1, representing 8-oxodG and ALS, respectively. Results are the mean

(+/-) SEM of four individual determinations. *** P < 0.0001; ** P < 0.01, compared
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to corresponding control sham irradiated (CSI) sample, in the absence of 6-TG (with

or without hOGG1 treatment), unless otherwise indicated.

Fig. 4. Effect of treatment with 6-TG (1 uM), or Aza (1 uM), plus UVA (1 Jicm?)
upon cell death in HDFs. Cell viability was determined 48 hr after treatment and
reintroduction of 6-TG-free medium. ** P < 0.01, compared to 6-TG treated, control

sham irradiated (CSI) cells.
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