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Pharmacie, La Tronche, France;
2Laboratoire des Lésions des Acides Nucléiques
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Abstract: Clinical observations of non-melanoma skin cancer in
immunocompromised patients, such as organ transplant recipients,
suggest co-operative effects of human papillomavirus (HPV) and
ultraviolet (UV) radiation. The aim of the present study is to evaluate
UV sensitivity and DNA damage formation according to antioxidant
status in HPV16-infected keratinocytes. We used SKv cell lines, infected
with HPV16 and well characterized for their proliferative and tumorigenic
capacities. We showed that SKv cell lines presented various E6*
(a truncated form of E6) RNA levels. We demonstrated that the higher
oncoprotein RNA expression level was associated with a higher resistance
to solar-simulated radiation, more specifically to UVB radiation and to
hydrogen peroxide. Moreover, this high resistance was associated with a
low oxidative DNA damage formation after UV radiation and was related
to high glutathione content and glutathione peroxidase activities.
Therefore, the results of our study suggest that E6* levels could modulate
the glutathione/glutathione peroxidase pathway providing a mechanism
to protect HPV-infected keratinocytes against an environmental oxidative
stress, such as UV radiation.

Introduction

Human papillomaviruses (HPV) are small double-
strand DNA viruses that infect cutaneous or
mucosal epithelia leading to benign proliferative
lesions as warts or condylomas. Moreover, there is
epidemiologic and molecular evidence that a sub-
set of HPV, referred to as high-risk HPV, is asso-
ciated with human anogenital cancers, such as
cervical cancers (1). In addition to their role in
the development of anogenital cancers, HPV are

closely associated with the development of cuta-
neous cancers in patients with the rare inherited
disease epidermodysplasia verruciformis (EV) (2).
HPV have also been postulated in the development
of non-melanoma skin cancers (NMSC) in both
immunocompetent and immunocompromised
people, such as organ transplant recipients (3,4).
Two genes of high-risk HPV, E6 and E7 are regu-
larly expressed in HPV-positive cancers and
derived cell lines (5). E6 and E7 genes are both
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necessary and sufficient for the efficient immortal-
ization of primary human epithelial cells (6).
The transforming activities of E6 and E7 are
correlated, at least in part, with the inactivation
of two cellular tumor-suppressor gene products,
p53 and pRb (7–9). Interestingly, warts and skin
cancers predominantly occur at body sites exposed
to sunlight, suggesting possible interactions
between HPV (and possibly E6 and E7 oncopro-
teins) and ultraviolet (UV) irradiation.
Solar UV radiation is the most important

environmental factor involved in the pathogenesis
of skin cancers (10). Harmful effects of UV
radiation are associated both with direct DNA
damage, through absorption energy, and with the
generation of reactive oxygen species (ROS)
directed against the various cellular components,
such as DNA, membranes and proteins. The
direct absorption energy by DNA results in the
formation of DNA photoproducts, such as
cyclobutane pyrimidine dimers (CPD), pyrimidine
(4–6) pyrimidone photoproducts and their related
Dewar valence isomers. In mammalian cells, the
great majority of mutations induced by UV radi-
ation result from unrepaired CPD (11). However,
although these lesions are the best-studied type of
UV-induced DNA damage, UV radiation induces
a much wider range of DNA damage, such as
protein–DNA cross-links, strand breaks, abasic
sites and base modifications. Under UV radiation,
oxidation of the guanine has been identified as
the major base modification and it was formed
8-oxo-7,8-dihydro-20deoxyguanosine(8-oxodGuo)
(12–14). Although the role of these DNA lesions in
UV-induced mutations seems to be minor, com-
pared to CPD (12), their mutagenic potency
should not be underestimated (13,14).
In order to protect against UV-induced oxida-

tive stress, skin cells have developed complex
antioxidant enzymatic and non-enzymatic defence
systems, including superoxide dismutases (SOD),
catalase, glutathione peroxidases (GSH-Px) and
glutathione (GSH). Animal experiments and cul-
tured cell studies have shown that GSH/GSH-Px
pathway plays a major role in skin-cell protection
against UV radiation (15,16).
Therefore, the aim of this study is to investigate

the role of E6 and E7 oncoprotein levels on UV
sensitivity and DNA damage of HPV type-16
cancer-derived cell lines in relation to the endogen-
ous antioxidant status. Our experiments were per-
formed in vitro by using two SKv keratinocyte
lines, SKv-e and SKv-l. These cell lines were estab-
lished from a bowenoid papulosis lesion, differing
in the arrangement of HPV16 genome integration,
expressing HPV16 E6 and E7 transforming

proteins (17–19). They display different in vitro
proliferative potential, which correlates with
tumorigenicity in nu/nm mice (20). We showed in
this study that the highly tumorigenic cell line
SKv-l, presented significantly higher E6* RNA
levels, compared to SKv-e cell line. The higher
expression of E6* RNA levels in SKv-l, compared
to that in SKv-e, was associated with a
high resistance to UV radiation and oxidative stress
(as hydrogen peroxide, H2O2) and with low accu-
mulation of oxidative-DNA damage in relation to a
high GSH/GSH-Px content in these cells. These
results suggest that HPV oncoprotein levels, in
particular E6*, could modulate antioxidant status,
particularly the GSH/GSH-Px pathway, to protect
HPV-infected keratinocytes against an environmen-
tal oxidative stress.

Materials and methods

Chemicals

Eagle’s minimum essential medium, foetal calf serum, gentamicin
and normal melting agarose were purchased from Gibco (Life
Technology Ltd, Paisley, Scotland). Fungizone was obtained
from Bristol-Myers Squibb (Puteaux, France), hydrocortisone
from Pharmacia & Upjohn SA (St Quentin-Yvelines, France)
and low melting point agarose from FMC Bioproducts
(Rockland, ME, USA). The RNA-PLUS solution was obtained
from Q-Biogen (Illkirch, France), Reverse Transcription system
from Promega Co. (Madison, WI, USA) and Micro BCA protein
assay from Pierce (Rockford, IL, USA). LC Fast Start DNA
Master SYBR Green kit was purchased from Roche Applied
Science, Mannheim, Germany. Other reagents were purchased
from Sigma Chemicals Co. (St Louis, MO, USA).

Cell culture

SKv keratinocyte lines (SKv-e and SKv-l) were the generous
gifts from F. Breitburd and G. Orth from the Pasteur Institute.
These cell lines were established from a bowenoid papulosis
lesion. They harboured 10–20 copies of HPV16 genome inte-
grated within a single site in region q14–q15 of chromosome-12
and expressed HPV16 E6 and E7 transforming proteins
(17–19). After in vitro passaging, the two distinct SKv cell
variants, SKv-e and SKv-l, were derived, differing in the
arrangement of HPV16 genome integration (17). Likewise,
SKv cell lines were well characterized for their proliferative
and tumorigenic capacities (20).

SKv cells were grown in Eagle’s minimum essential medium
supplemented with 20% foetal calf serum, 10�6M hydrocorti-
sone, 100mg/ml of gentamicin and 2.5mg/ml of fungizone.

RNA extraction and quantitative reverse
transcription-polymerase chain reaction (RT-PCR)
analysis

RNA extraction and RT. Total RNA was extracted by a
simplified and improved modification of the Chomczynski’s
procedure with the RNA-PLUS solution according to the
manufacturer’s protocols. Total RNA (1 mg) was reverse-
transcribed by using the Reverse Transcription System: the
RT reaction (20 ml) was primed with both oligo(dT)15 (0.5 mg)
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and specific E6 and E7 primers (0.05mM; HPV16.E6 50-ATG-
CATGATTACAGCTGGGT-30; HPV16.E7 50-CAGCCATGG-
TAGATTATGGT-30) and was then incubated for 15min at
42�C.

Quantitative PCR analysis. Primer design and optimization
regarding dimerization, self-priming and melting temperature
were performed by using MacVector software (Accelrys, San
Diego, CA, USA). The size of PCR products was controlled by
means of Agilent 2100 Bioanalyzer with DNA 500 Assay (Agilent
Technology, Waldbronn, Germany). In addition, specificities of
PCR products were checked with melting curve analysis (Light-
cycler Software v.3.5., Roche Applied Science). Forward E6*
primer spans the splicing region of the truncated E6 product.
PCR were performed both from RT products and from specific
recombinant DNA overlapping PCR products. Melting peaks
obtained either from RT products or from specific recombinant
DNA were identical (21). For E6* and E7 RT products, single
melting peaks were obtained.
All primers used in this study were synthesized at Proligo

Primers & Probes (France). The PCR was performed with the
LC Fast Start DNA Master SYBR Green kit by using 0.5ml of
cDNA (equivalent to 25ng of total RNA) in a 20ml final volume,
4mM MgCl2 and 0.4mM of each primer (final concentration).
Quantitative PCR was performed by using a Lightcycler
(Roche Applied Science) for 35 cycles at 95�C for 20 s, 56�C
(E6*), 58�C (peptidylpropyl isomerase A, PPIA) or 60�C (E7
and hypoxanthine phosphoribosyltransferase 1, HPRT1) for 5 s,
and a final step of 10 s at 72�C. Viral oncogene expression was
normalized by means of geometric averaging of two internal
control genes, PPIA and HPRT1 (22). Quantification was
achieved with the comparative threshold cycle method (23) by
using RealQuant Software (Roche Applied Science).
The primers used were E6-forward 50-CCAGAAAGTTACCA-

CAGTTATG-30, E6-reverse 50-ATCCCGAAAAGCAAAGTC-
30, E6*-forward 50-CAGTTACTGCGACGTGAG GTGTAT-30,
E6*-reverse 50-CCACCGACCCCTTATATTATGGA-30, E7-for-
ward 50-TGCGTACAAAGCACACACGTAGA-30, E7-reverse
50-AGATGGGGCACACAATTCCTAGT-30, PPIA-forward 50-
C A TCTGCACTGCCAAGACTGAGTG-30, PPIA-reverse 50-
CTTCTTGCTGGTCTTGCCATTCC-30, HPRT1-forward 50-C
TCATGGACTAATTATGGACA GGAC-30 and HPRT1-
reverse 50-GCAGGTCAGCAAAGAATTTATAGCC-30.

UV sources and irradiation procedure

Solar-simulated radiation (SSR) source. The light source
used was a Dermolum UM-W (Müller GmbH Elektronik-optik,
Moosinning, Germany) equipped with a 1-kW Xenon Lamp and
a water filter. The UV spectrum was obtained by passing light
through a 1-mm WG305 filter (Müller GmbH Elektronik-optik).
This filtered Xenon source provided a simulated solar UVR spec-
trum that nearly eliminated visible and infrared radiation. The
irradiance effectively received by the cells (22.5mW/cm2) was
measured by using a dosimeter (Müller GmbH Elektronik-
optik) with a spectral sensitivity from 270nm to 4mm.

UVB source. The UVB light source used was a T-40M appar-
atus equippedwith three 40W fluorescent tubes (Vilbert-Lourmat,
Torcy, France), with a spectrum distribution of 280–320nm, and
lmax¼ 312nm. Radiation fluxes were measured by means of an
international light radiometer (RX, Vilbert-Lourmat). The appa-
ratus was controlled with the help of a microprocessor monitoring
the time of irradiation according to the desired energy.

UVA source. The UVA source used was a Waldmann UVA
700L fitted with an MSR 700 (700W) lamp with a spectrum
distribution of 320–490nm, and with lmax¼ 365nm. The irradi-

ance effectively received by the cells was 80mW/cm2 (measured
by using a dosimeter).

Irradiation procedure. Practically, cells were irradiated with
various physiological UV doses. Just before irradiation, the cul-
ture medium was removed and was reserved. Cells were rinsed
twice with 1ml of phosphate-buffered saline (PBS) without cal-
cium and magnesium. Irradiations were performed through 1ml
of PBS, which is UV inert, lid removed. Control cells were
similarly treated and were left in the dark while irradiation was
performed. After the stress, cells were put back into their initial
medium and were placed in the incubator for an appropriate
recovery period depending on the type of experiments.

Hydrogen peroxide stress

Sub-confluent cells were treated with various H2O2 concentra-
tions. Practically, just before the stress, the culture medium was
removed and was reserved. Cells were rinsed twice with 1ml of
PBS. Then the cells were treated with 1ml of H2O2 diluted in PBS
for 30min in the dark at room temperature. The final H2O2

concentrations were varying from 0 to 30mM. Control cells
were kept in PBS under the same environmental conditions.
After the stress, cells were rinsed twice again with 1ml of PBS;
they were put back into their initial medium and were placed in
the incubator for 24h.

Cell viability assay

The cell viability was determined by using the conversion of the
tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT), to formazan by the metabolically active
cells. Twenty-four hours after irradiation or hydrogen peroxide
treatment, 200ml of 5mg/ml MTT was added in each dish and
cells were incubated for 2 h at 37�C. DMSO was then added in
order to dissolve the soluble blue formazan and the absorbance at
570 nm was measured by means of spectrophotometry. The
results represent the means of at least three measurements with
three Petri dishes for each condition. The results were expressed
as the percentage of viability calculated from the formula [(A–B)/
(C–B)]� 100 where A¼OD570 of the treated cells, B¼OD570 of
the medium and C¼OD570 of the control cells.

Biochemical analysis

Under basal conditions, sub-confluent cells were trypsinized and
were washed three times in isotonic 175mM Tris–HCl buffer,
pH7.30. Then, cells were lysed in hypotonic 8.75mM Tris–HCl
buffer by five freeze-defrost cycles. The resulting homogenates
were either reserved for total GSH measurement or centrifuged
for 10min at 4000 rpm at 4�C. The supernatants were stored at
�80�C until metalloenzyme analysis.

Metalloenzyme activities. The GSH-Px activity was deter-
mined as previously described by using ter-butyl hydroperoxide
as substrate (16). This was achieved by following the decrease in
nicotinamide adenine dinucleotide phosphate (NADPH) concen-
tration at 340nm. Results were expressed as micromoles of
NADPH oxidized per minute.
Catalase activity was determined by means of the decompos-

ition of H2O2 at 240 nm as previously described (24). One unit of
catalase is defined as 1mmol of H2O2 consumed per minute.
Manganese SOD (Mn SOD) and copper–zinc SOD (Cu–Zn

SOD) activities were determined using the method of Marklund
and Marklund by monitoring the rate of the oxidation of
pyrogallol by superoxide radicals (25). The specific inhibition of
Cu–Zn SOD by 9mM potassium thiocyanate allows Mn SOD
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determination by the same procedure as previously described
(26). Results were expressed as SOD units (1U is the amount of
SOD inhibiting the reaction rate by 50% in the given assay
conditions).

Enzymatic activities were normalized to the soluble cell protein
content determined by using the Micro BCA protein assay. The
result of at least three replicate experiments was given.

Total GSH measurement. Cell homogenates were immedi-
ately deproteinized by adding 6% metaphosphoric acid (lysate/
metaphosphoric acid, 5/1, v/v). Total GSH was determined by
using 5,50-dithiobis-2-nitrobenzoic acid as previously described
(27). GSH levels were normalized to the total cell protein content
determined by means of the Micro BCA protein assay.

Alkaline single-cell gel electrophoresis (comet
assay)

DNA damage was evaluated using the Comet assay that
allows the measurement of single- and double-strand breaks
together with alkali-labile sites. The procedure previously
described (28) was slightly modified as follows. Typically, 150ml
of 0.5% normal melting agarose in PBS buffer was dropped on
frosted microscope slides (Touzart et Matignon, Les Ullis,
France), covered with a cover slip, and kept at room temperature
until their subsequent use. After trypsination, SKv-e and SKv-l
cells were washed twice with PBS, and the cell pellets were sus-
pended in PBS. About 20 000 cells in 60ml were mixed with an
equal volume of 1.2% low melting point agarose in PBS buffer,
held at 37�C. Embedded cells were immediately irradiated with
SSR. Then, all slides were immersed overnight in lysis buffer
(2.5mM NaCl, 100mM EDTA, 100mM Tris, 10% sodium laur-
oyl sarcosinate, 1% triton X-100, 10% DMSO, pH10) in the
dark at 4�C in order to limit non-specific DNA damage to
occur. After lysis, the Escherichia coli formamidopyrimidine
DNA N-glycosylase (Fpg) was used in order to convert purine
base modifications into single-strand breaks. Slides were washed
one time for 10min with neutralization buffer (0.4M Tris–HCl,
pH7.5), three times for 10min with Fpg buffer (0.1M KCl,
0.5mM Na2EDTA and 40mM Tris, adjusted to pH8). Then
100ml of 1mg/ml of Fpg was laid on the slides, before incubation
at 37�C for 45min in a humidified atmosphere. Slides were then
placed in a horizontal electrophoresis unit containing freshly
alkaline buffer (1mM EDTA and 300mM NaOH) for 40min
to allow the unwinding of the DNA. Electrophoresis was per-
formed at 25V and 300mA for 30min. Then, the slides were
rinsed three times for 5min with neutralization buffer; they
were stained with 50ml of ethidium bromide (20mg/ml) and
were covered with a cover slip. Slides were placed in a humidified
airtight container in order to prevent drying of the gel, until the
analysis was performed.

DNA damage was quantitated by means of the image analysis
system Komet 3.0 (Kinetic Imaging, Liverpool, UK). The quan-
tification of DNA damage was performed by using the tail
moment, the product of the tail distance (i.e. the distance between
the centre position of the head and the centre gravity of the tail)
and the percentage of the DNA in the tail (relative to the total
amount of DNA in the entire comet (headþ tail)). For each
condition, 50 randomly selected comets on each slide were scored
and the averaged tail moment was determined using three slides
prepared as described.

Statistical analysis

Each experiment was repeated at least three times. All data
expressed as mean+SD were processed by statistically using
one way analysis of variance (ANOVA) and Newman-Keuls
test. Differences were considered significant when P< 0.05.

Results

Different E6* RNA expression in SKv cell lines

SKv-e and SKv-l were two distinct keratinocyte
variants harbouring HPV16 genome and expres-
sing E6 and E7 transforming proteins. The E6/E7
coding region of HPV16 is known to be alterna-
tively spliced within the E6 open reading frame
resulting in full-length E6 and its truncated forms
E6* and E6**. These cell lines have been shown to
display different proliferative potential correlated
with different tumorigenicity in mice, suggesting a
possible difference in E6, and truncated forms, and
E7 expression levels. We studied E6 and E7 RNA
expression in SKv cell lines by means of quantita-
tive RT-PCR. For E6, E6* and E7 RT-PCR prod-
ucts, a single melting peak was obtained in the
two cell lines and the size of PCR products was
controlled by using Agilent 2100 Bioanalyzer (data
not shown). Figure 1 shows the different expres-
sion of E6, E6* and E7 transcripts in the two cell
lines. In particular, we showed in Fig. 1a that
the amount of E6* RNA was significantly
higher than E6 RNA in the two cell
lines (P< 0.0006). The expression of E6* RNA
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Figure 1. E6, E6* and E7 RNA transcript expression in SKv cells.

HPV RNA transcript expression was assayed by means of
quantitative RT-PCR as described in the section entitled
‘Materials and methods.’ Results represent averages from three
independent experiments. (a) E6 and E6* RNA transcript
expression, *P< 0.0002, SKv-l vs SKv-e; **P< 0.0006 E6* vs E6.
(b) E7 RNA transcript expression. (c) Ratio of E6* and E6 in SKv
cells; *P< 0.04, SKv-l vs SKv-e. HPV, human papillomavirus;
RT-PCR, reverse transcription-polymerase chain reaction.

Mouret et al.

404



transcript was two-fold higher in SKv-l, compared
to that in SKv-e: 2.31+ 0.06 and 1.16+ 0.24,
respectively (P< 0.0002, Fig. 1a), whereas the
expression of E6 RNA transcript was similar in
the two cell lines. Therefore, the ratio E6*/E6 was
2.31+ 0.33 in SKv-e and 6.53+ 2.93 in SKv-l
(Fig. 1c). Concerning E7 transcripts, no difference
was observed between the two cell lines (Fig. 1b).

SKv cell lines display different cell survival after
solar-simulated irradiation

SKv-e and SKv-l cell lines were exposed to increas-
ing SSR doses and cytotoxicity was evaluated by
using the MTT assay 24h after the stress. In the
two cell lines, cytotoxicity increased with increas-
ing SSR irradiation in a dose-dependent manner
(Fig. 2). However, SKv-e cells were significantly
more sensitive than SKv-l cells to SSR with a
lethal dose of 50 (LD50) of 0.6 J/cm2 for SKv-e
cell line and of 1.5 J/cm2 for SKv-l cells
(P< 0.001).

SKv cell lines display different cell survival after UV
irradiation

Considering the difference of cell survival,
observed between the two SKv cell lines under
SSR, we studied the specific effects of UVB or
UVA spectrum on cell cytotoxicity. SKv-e and
SKv-l keratinocytes were exposed to increasing
UVA (Fig. 3a) or UVB (Fig. 3b) irradiation
doses. Figure 3a shows that, in the two cell lines,

cytotoxicity increased with increasing UVA irradi-
ation doses from 0 to 150 J/cm2 with a similar
LD50 of 100 J/cm

2 for SKv-e and SKv-l cells.
UVB cytotoxicity increased also in a dose-

dependentmannerwith increasingUVB irradiation
doses in the two SKv cell lines (Fig. 3b). However,
like for SSR, differences of sensitivitywere observed
for SKv-e and SKv-l, as LD50 was 0.08 J/cm2 for
SKv-e and 0.2 J/cm2 for SKv-l (P< 0.013).

Differences in GSH levels and GSH-Px activities
between SKv-e and SKv-l cell lines

We postulated that differences in SSR and UVB
sensitivity of SKv cells could result from different
antioxidant status. Therefore, we evaluated GSH
contents, SOD, catalase and GSH-Px activities in
the two SKv cell lines (Table 1). SKv-l cell line, the
most resistant cells to SSR and UVB irradiation,
had total GSH levels three-fold higher than SKv-e
cell line: 76.98 and 26.25mmol/g of total proteins,
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respectively (P< 0.02). Furthermore, GSH-Px, an
enzyme involved in peroxide detoxification by
using GSH as substrate, had activities 2.5-fold
higher in SKv-l, compared to those in SKv-e:
197.61 vs 78.98U/g of soluble proteins, respect-
ively (P< 0.03). Catalase activity was slightly,
but not significantly, higher in SKv-l, compared
to that in SKv-e. No difference was found between
the two cell lines for total SOD, Cu–Zn SOD and
Mn SODactivities, enzymes involved in superoxide
anion dismutation.

SKv cells display different H2O2 sensitivity

Considering the differences observed for GSH
levels and GSH-Px activities between the two
SKv cell lines, we postulated that H2O2 production
under SSR and UVB irradiation could explain the
different cytotoxicity observed in SKv-e and SKv-l
cells.
H2O2 treatment decreased SKv cell survival in a

dose-dependent manner (Fig. 4). Our results
showed that, like for SSR and UVB irradiation,
SKv-e were significantly more sensitive to H2O2

treatment than SKv-l: LD50 was obtained with
11mM for SKv-e and 16mM for SKv-l showing
a higher sensitivity of SKv-e cell lines to H2O2-
induced oxidative stress (P< 0.0011).

SSR induced different oxidative DNA damage
formation in SKv cells

UV-induced DNA damage is critical for the control
of cell survival and cell proliferation. Considering
the differences observed between SKv-e and SKv-l
cell cytotoxicity and antioxidant status, we postu-
lated that various levels of DNA damage could be
induced in the two cell lines under SSR. Therefore,
genotoxic effects of a single SSR (0.5 J/cm2) were
evaluated by using the comet assay immediately
after irradiation (Fig. 5). Under basal condition,

no difference in tail moment was observed
between the two cell lines, indicating no differ-
ence in total DNA damage between SKv cells;
tail moment was 9.0+ 0.2 for SKv-e and
8.8+ 0.7 for SKv-l. Compared to sham-irra-
diated cells, irradiated cells (0.5 J/cm2) showed
a three-fold increase of the tail moment
(P< 0.003), indicating that SSR generated direct
strand breaks and/or alkali-labile sites. But no
difference of the tail moment was observed
between irradiated SKv-e and SKv-l cell lines;
tail moment was 24.5+ 1.8 for SKv-e and
27.0+ 4.0 for SKv-l.

Assuming the fact that the difference in the
survival of SKv-irradiated cells resulted from an
oxidative stress as previously hypothesized, we
evaluated oxidative DNA damage formation by
using the DNA-glycosylase Fpg, enzyme involved
in the removal of modified purine bases. As shown
in Fig. 5, the tail moment determined in sham-
irradiated cells treated with Fpg (1mg/ml) was
three-fold higher than in the absence of glycosylase
(P< 0.0021). But no difference was observed
between sham-irradiated SKv-e and SKv-l cells;
tail moment was 27.4+ 3.3 and 28.3+ 3.3,
respectively. The tail moment, measured using
this modified comet assay, strongly increased in
SSR-irradiated SKv-e and SKv-l cells, confirming
that oxidative DNA damage was generated by
means of SSR (P< 0.003). Using this modified
comet assay, the tail moment showed a 3.5-fold
increase in the SKv-e-irradiated cells and a 2.7-fold
increase in the SKv-l-irradiated cells; tail moment

Table 1. Antioxidant content in SKv cells under basal conditions

SKv-l SKv-e

GSH-Px (U/g of soluble proteins) 197.61� 43.031 78.98� 14.25
Catalase (U/mg of soluble proteins) 5.20� 1.92 2.85� 1.03
Total SOD (U/mg of soluble proteins) 6.36� 0.52 6.78� 1.20
Mn SOD (U/mg of soluble proteins) 2.99� 0.45 2.94� 1.09
Cu–Zn SOD (U/mg of soluble proteins) 3.37� 0.07 3.84� 0.10
Total GSH (mmol/g of total proteins) 76.98� 11.812 26.25� 1.01

Metalloenzyme activities and total GSH levels were determined as described in
the section entitled ‘Materials and methods.’ Results are expressed as
mean� SD from at least three independent experiments.
1P< 0.02, SKv-l vs SKv-e.
2P< 0.03, SKv-l vs SKv-e.
GSH, glutathione; GSH-Px, glutathione peroxidase; SOD, superoxide dismutases.
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was 95.6+ 4.1 for SKv-e and 75.8+ 5.5 for
SKv-l. These results showed that SKv-e cell line
accumulated significantly much more oxidative
DNA damage than SKv-l cell line (P< 0.002).

Discussion

HPV are small circular DNA viruses that are
confined to the epithelial cells of both mucosa
and skin. There is overwhelming epidemiological
evidence that high-risk HPV types infecting the
genital mucosa play a crucial role in the develop-
ment of cervical dysplasia and carcinoma. Cellular
and molecular biological studies confirmed these
epidemiological data by demonstrating that E6/E7
oncoproteins are the main determinants of the
malignant phenotype in those cervical carcinoma
cells (1).
A role for HPV in the development of NMSC

has also been postulated. The earliest evidence for
the involvement of HPV in human skin cancers
has resulted from observations of patients suffer-
ing from EV disease (2). EV-associated HPV have
then been detected in premalignant skin lesions
and NMSC of immunocompetent and immuno-
compromised patients, particularly organ trans-
plant recipients (3,4,29–31). In NMSC of these
patients, both cutaneous and mucosal HPV types

have been detected by means of PCR techniques
(3,4). NMSC are preferentially developed at
sun-exposed sites, suggesting that HPV could act
as co-factors with UV irradiation to transform
cutaneous keratinocytes and then contribute to
the carcinogenic process. In this way, it has been
shown that the promoter activity of HPV77,
HPV only found in skin cancers, was stimulated
by UV irradiation via a p53 mechanism, which
increased the expression level of E7 oncoprotein
(32). Moreover, E6 of both cutaneous and
mucosal HPV has been shown to inhibit both
p53-dependent and p53-independent apoptosis
in response to UV irradiation (33). However, as
cutaneous HPV can not immortalize and trans-
form skin cells in vitro, these data obtained from
transfection studies may have resulted in high pro-
tein expression levels and could not be biologically
relevant.
In our study, we used two HPV16-infected ker-

atinocyte lines, SKv-e and SKv-l, well character-
ized for their proliferative and tumorigenic
capacities. It is, today, admitted that, in human
tumours and in derived cell lines infected with
high-risk HPV, E6 and E7 RNA are produced as
full-length transcripts and spliced forms of E6.
RT-PCR is, generally, the best technique
employed in order to determine HPV transcript
production in HPV-infected cell lines (34). We
showed by means of quantitative RT-PCR that
the highly tumorigenic SKv-l cell line presented
significantly higher E6* RNA levels, compared to
SKv-e cell line. By contrast, we did not find any
difference in E6 and E7 RNA levels between the
two cell lines. Interestingly, we demonstrated that
the higher expression of E6* RNA levels in SKv-l,
compared to that in SKv-e, was associated with a
high resistance to SSR and more specifically to
UVB radiations.
The potential to encode E6* proteins is an

exclusive property of high-risk HPV types, but
attempts to demonstrate that these oncoproteins
possess transforming activity were unsuccessful
(35). Pim and Banks have shown that HPV18
E6* protein was able to interact with both the
full-length E6 and the E6-AP proteins in vitro
and thereby to block the association of E6 with
p53 (36). However, the biological function of E6*
protein remains to be clarified, but it does suggest
a fine-tuning of oncoprotein activity and a com-
plex interplay between E6, E6* and cellular target
proteins, particularly p53, during viral infection.
Our results, showing a high expression of E6*
transcript, compared to that of E6 and E7, in
SKv cells and a higher expression of E6* RNA in
the more tumorigenic cell line, SKv-l, underlie the
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potential importance of E6* in HPV-induced cell
transformation.
After UV-induced DNA damage, p53 plays a

key role as is able to arrest cell cycle in order to
allow time to repair DNA damage, or to direct
damaged cells to an apoptotic pathway. In vitro
studies have shown that E6 and E7 proteins of
high-risk HPV have the ability to interact with
cell cycle proteins, such as p53 and p21, and to
disrupt cell cycle control (7,37–39). Therefore, at
this time, we are investigating p53 and p21 expres-
sion and apoptosis in SKv cell lines in response to
UV irradiation in order to determine the role of
HPV oncoprotein levels in keratinocyte cell cycle
modifications.
Harmful effects of solar UV radiation are asso-

ciated with both direct damage and generation of
ROS against the different cellular components. In
addition to its direct effect, it has also been shown
that UVB can induce ROS, particularly H2O2, and
by this way can modulate signaling pathways,
transcriptional activation (40–42) and apoptotic
cell death (43,44). Moreover, as after UVA radi-
ation, oxidative DNA damage is also generated
after UVB irradiation (45).
The comet assay allows the measurement of

strand breaks, abasic sites and base modifications.
Interestingly, we showed with this method that the
most sensitive SKv-e cell line to SSR and UVB
accumulated significantly much more oxidative
DNA damage after SSR than SKv-l cell line.
This result suggests that the differences observed
in SSR and UVB cell survival could result from an
oxidative stress and different oxidative DNA
damage accumulations.
The mutagenic potency of oxidative DNA

damage, particularly 8-oxodGuo, participates in
the carcinogenic process (13,14) and is correlated
with the grade of cervical dysplasia (46). Interest-
ingly, it has also been shown that HPV oncopro-
teins could alter p53-dependent DNA damage
repair (47,48). However, in these studies, results
were obtained by means of transfection techniques
that may have resulted in very high oncoprotein
expression levels. Therefore, at this time, we are
investigating DNA photoproducts and 8-oxod-
Guo accumulation and repair induced by SSR in
the two SKv cell lines in order to determine the
role of HPV oncoprotein levels in the formation of
mutations, which are known to be critical in
carcinogenesis.
Assuming the fact that differences observed in

the survival of SSR- and UVB-irradiated cells
could result from an oxidative stress, we postu-
lated that SKv cell lines could present different
antioxidant status. Under basal condition, we

demonstrated that SKv-l, the most resistant cells
to SSR and UVB irradiation, had total GSH levels
and GSH-Px activities, which were significantly
higher than those of SKv-e cells. As GSH-Px is
an enzyme involved in peroxide detoxification by
using GSH and considering the fact that UVB
irradiation produces H2O2, we studied the sensi-
tivity of SKv cell lines to H2O2 treatment. Inter-
estingly, like for SSR and UVB irradiation, we
demonstrated that the higher GSH levels and
GSH-Px activities in SKv-l, compared to those in
SKv-e cells, were associated with a higher resist-
ance toH2O2 treatment. Therefore, in view of these
results, we concluded that, in our model, H2O2

plays an essential role and appears to be the most
important mediator of the UV irradiation-induced
cytotoxicity. We can also hypothesize that in our
cellular model, UVB radiation is a more power-
ful inductor of H2O2 than UVA radiation. We
also demonstrated the importance of the couple
GSH/GSH-Px, which plays an essential role in
H2O2 and peroxide detoxification, and then in
protecting cells from UV-induced oxidative
damage.

In our model, high levels of GSH contents and
GSH-Px activities are associated with high E6*
RNA expression levels. Previous studies have
shown that several DNA or RNA viruses are
able to modulate GSH-Px expression and activities
(49,50). By this way, theses viruses protect infected
cells against cytotoxic effects induced by environ-
mental stress (51). Therefore, the results of our
study suggest that HPV E6* oncoprotein levels
could modulate the GSH/GSH-Px pathway to
protect HPV-infected keratinocytes against an
environmental oxidative stress, such as solar radi-
ation. Complementary studies will be necessary in
order to confirm this attractive hypothesis.

Moreover, it is known that in cancer cells, GSH
contents and GSH-Px activities are, most of the
time, significantly enhanced, compared to normal
tissues, suggesting the involvement of the GSH/
GSH-Px pathway in malignant cell resistance to
oxidative stress (52,53). In transgenic mice, the
overexpression of skin antioxidant enzymes,
GSH-Px or GSH-Px and SOD, leads to an
increase, rather than a decrease of skin carcinogen-
esis (54). In conclusion, GSH/GSH-Px pathway
seems to be an antioxidant mechanism of first
importance in HPV-infected keratinocyte survival
and HPV-associated carcinogenic process.
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