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The ultraviolet B (UVB) waveband within sunlight is
an important carcinogen; however, UVA is also likely
to be involved. By ascribing mutations to being either
UVB or UVA induced, we have previously shown that
human skin cancers contain similar numbers of UVB-
and UVA-induced mutations, and, importantly, the
UVA mutations were at the base of the epidermis of
the tumors. To determine whether these mutations
occurred in response to UV, we exposed engineered
human skin (EHS) to UVA, UVB, or a mixture that
resembled sunlight, and then detected mutations by
both denaturing high-performance liquid chromatog-
raphy and DNA sequencing. EHS resembles human
skin, modeling differential waveband penetration to
the basal, dividing keratinocytes. We administered
only four low doses of UV exposure. Both UVA and
UVB induced p53 mutations in irradiated EHS, sug-
gesting that sunlight doses that are achievable during
normal daily activities are mutagenic. UVA- but not
UVB-induced mutations predominated in the basal
epidermis that contains dividing keratinocytes and
are thought to give rise to skin tumors. These studies
indicate that both UVA and UVB at physiological doses
are mutagenic to keratinocytes in EHS. (4m J Pathol
2009, 174:1534—1543; DOI: 10.2353/ajpath.2009.080318)

Skin cancers are the most frequent tumors in Cauca-
sians. Ultraviolet (UV) radiation contains three compo-
nents, UVC (100 to 290 nm), UVB (290 to 320 nm), and
UVA (320 to 400 nm). UVB can induce gene mutations, 2
immune suppression,?® and results in the development
of skin cancer in animal models.* Therefore, UVB has
been considered to be the dominant carcinogen in sun-
light and the chemical and cosmetics industries initially
developed sunscreens that protected better from UVB
than UVA. However the role of UVA has recently aroused
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growing concern. UVA comprises at least a 20-fold
greater proportion of sunlight than UVB, although UVB
photons have more energy than UVA. In addition, initia-
tion of skin tumors presumably requires the penetration of
UV photons to the dividing basal/stem cell layer for acute
DNA damage to become fixed as heritable genomic mu-
tations,® and more (>20%) UVA than UVB (<10%) would
be expected to reach this basal layer.® UVA is likely to
contribute to skin cancer development. Indeed, UVA is
mutagenic in mammalian cells,”® human skin tissues,®
and induces skin tumors in animal models.'®"" UVA also
causes immunosuppression in humans? and has been
implicated in the development of malignant melanoma in
humans.'®®

It is generally accepted that UVB absorbed by two
adjacent cytosine or thymine residues in DNA causes the
formation of cyclobutane pyrimidine dimers (CPDs),
which if unrepaired lead to G:C> A:T transitions, ' '® and
pyrimidine (6-4) pyrimidone photoproducts. The mecha-
nistic involvement of UVA in mutagenesis is still unclear.
UVA has been shown to induce oxidative DNA damage'®
and A:T> C:G transversions have been considered as
UVA fingerprints as they were mainly found in UVA- but
not UVB-exposed Chinese hamster ovary cells.” How-
ever, recent studies also show that UVA can induce
CPDs."9 It is important to characterize the waveband
and spectra of UV that causes skin cancer in humans to
aid development of preventive measures. This cannot be
determined directly, and therefore biological factors such
as mutations that lead to cancer need to be examined.

Engineered Human Skin (EHS) is an ideal model to
investigate UV-induced damage and repair'® and thus is
a powerful tool for detection of UV-induced gene muta-
tions. Monolayer cell cultures and mouse epidermis,
which are much thinner than human epidermis, do not
model UV penetration of intact human skin. Therefore, we
used EHS to model the complex organizational structure
of human skin, with dividing cells at the base and strati-
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fied fully differentiated cells and a cornified layer at the
surface. This enables wavebands to interact with target
cells in a manner dependent on both depth of penetration
of that waveband into human skin, and localization of the
target cells within the epidermis. The effects on p53 mu-
tations of UVA, UVB and solar simulated UV (ssUV; mix-
ture of UVA and UVB that mimics sunlight) irradiation at
doses to which humans can be realistically exposed were
examined. p53 mutations were pre-screened by denatur-
ing high-performance liquid chromatography (dHPLC),
and were confirmed by DNA sequencing. We found that
as few as four doses of UVA and UVB both induce a
similar number of p53 mutations in EHS, but UVA is the
dominant mutagen in the basal layer of the epidermis.

Materials and Methods

Reconstruction of EHS

The same strains of cells were used for the whole study.
Normal human keratinocytes were isolated from breast
skin of a fair-skinned female, age 24, obtained after
mammary reduction and used at the first passage for
creation of EHS. Normal human dermal fibroblasts
were isolated after spreading from mammary skin ex-
plants, and cultured in Dulbecco’s Modified Eagles
Medium + 10% fetal calf serum.'® Dermal fibroblasts
were used at passage 7 for EHS production. Tissue was
obtained following institutional ethics committee approval
and French Medical Research Council guidelines.

Dermal equivalents were prepared as previously de-
scribed'® using a collagen-fibroblast mixture containing
10° fibroblasts. After contraction, human keratinocytes
were seeded onto this support. The culture was main-
tained for 7 days in immersed conditions and raised to
the air-liquid interface for another 7 days to obtain a
complete differentiation process. Before UV exposure,
EHS were rinsed twice with PBS to remove culture media
components such as phenol red. EHS on grids were then
irradiated without medium to avoid any filtering of UV by
medium.

UV Sources and Irradiations

The EHS were irradiated with UVA, UVB or ssUV, with 2
different doses per spectra, as previously described®®
using a 1000-W Xenon lamp equipped with a dichroic
mirror (Oriel, Les Ulis, France) filtered by a UG5, 2-mm
thick (Schott, Clichy, France) filter. UVA radiation alone
was obtained with a WG335 (3 mm) Schott filter, which
removed all of the photons below 320 nm. The UVB
spectrum was obtained using a custom made filter ob-
tained by deposition of thin layers on fused silica (Micro-
Module, Le Plessix Paté, France). The spectra is highly
physiological because it only corresponds to the UVB
portion contained in the solar spectrum, and has a spec-
tral distribution closely matched to UVB in natural sun
exposure. The measured irradiance of the ssUV source
obtained with a WG 320 (1.5 mm) Schott filter, com-
plied with the European Cosmetic and Perfumery Associ-
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ation®' ssUV criteria. The spectral irradiances were carefully
measured with a spectroradiometer (Macam Photometrics,
Livingston, UK) calibrated against traceable standard
lamps (National Physics Laboratories, Teddington, UK).

The doses were 12.5 and 6.25 J/cm? UVA, and 0.1 and
0.05 J/ecm? UVB. The doses of ssUV were 1.4 (1.3 J/cm?
UVA + 0.1 J/cm? UVB) and 0.75 J/cm? (0.7 J/cm? UVA +
0.05 J/cm? UVB). EHS were exposed 4 times at days 1, 3,
5, and 8 after obtaining a fully differentiated epidermis
and the samples were collected at day 11. Each sample
was cut into two pieces. One was fixed in 10% formalin
for histological analysis and the other was frozen in liquid
nitrogen for p53 mutation analysis. A total of 24 EHS were
irradiated (3 spectra X 2 doses X 4 repeats). At the same
time, four EHS were generated as un-irradiated controls.
In total 28 EHS were included in this study.

Histology and Immunohistochemistry

Samples were fixed in 10% neutral formalin and treated
for histology. Paraffin sections were stained with hema-
toxylin, eosin, and saffron as previously described.® Im-
munohistochemical staining of p53 was performed using
mouse monoclonal antibody against human p53 (clone
D07, Dako, France) and Dako EnVisions™ System Perox-
idase (AEC, Dako, France) as described.?® Goat anti-
mouse-HRP (Dako, France) was used as secondary
antibody.

Frozen sections were used for Ki-67 (M7240, Dako,
Denmark) and CPD (H3 clone 4F6, Dako Denmark) im-
munohistochemical staining. EnVisions G/2 system/AP
(K5353, Dako, Denmark) was used for visualization ac-
cording to manufacturer’s instructions. Both mouse IgG1
(X0931, Dako, Denmark) and omitted primary antibodies
were used as negative controls. Adult human skin biop-
sies, which were collected 24 hours after a 2500 mJ/cm?
ssUV irradiation, were used as positive controls.

DNA Extraction and PCR

DNA was isolated from one or two 8-um frozen sections (for
dHPLC analysis) or 50 laser-captured keratinocytes (for
DNA sequencing) using QlAamp DNA Micro Kit (QIAGEN,
Valencia, USA). DNA isolated from 50 keratinocytes was
amplified by GenomiPhiTM DNA Amplification Kit (Amer-
sham Biosciences, Piscataway, NJ) before PCR. Exons 5 to
9 of p53 were initially amplified in all samples using the
primers and cycling parameters described.?*2* Negative
controls without DNA were included in each PCR cycle.
PCR cycles were performed in a Hybaid Px2 thermal
cycler. PCR products were checked by 2% agarose gel
electrophoresis before sequencing. Any samples contain-
ing potential mutations indicated by sequencing were re-
amplified with high fidelity VELOCITY DNA polymerase
(Bioline, Boston, USA) and re-sequenced. Cycling param-
eters were 96°C for 3 minutes, followed by 45 cycles at
95°C for 30 seconds, 58°C for 30 seconds, and 72°C for 30
seconds, with a final step at 72°C for 10 minutes.
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dHPLC Analysis

dHPLC analysis was undertaken on the Transgenomic
Wave nucleic Acid Fragment System (Model 3500 HT;
Transgenomic, Omaha, NE), controlled by Navigator soft-
ware (Transgenomic). To enhance heteroduplex forma-
tion, untreated PCR products were denatured at 95°C for
5 minutes, followed by gradual reannealing to 25°C over
45 minutes. Eight to twenty-ul products were automati-
cally loaded on a DNASep Cartridge and eluted with
linear gradient changes of buffer A and buffer B, with the
ratio determined by Navigator software. The temperature
for heteroduplex detection was also determined using
Navigator software, based on the melting profiles of the
amplicons sequence.

Microdissection

The microdissected samples were sequenced only if any
variants were identified from whole frozen section(s) by
dHPLC. Each of these interesting EHS samples were
microdissected to isolate groups of 50 keratinocytes from
four regions (two suprabasal and two at the base of the
epidermis within two vertical planes, Figure 1A) of one
8-um cryosection using a Pixcell Il laser capture micro-
dissection system (Arcturus Engineering, Mountain View,
CA) and procedures we have described previously.?>23
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Figure 1. The regions of microdisseted 50 keratinocytes for DNA sequencing
(A). The 50 suprabasal cells (S1 and S2) were directly overlying the 50 basal
layer cells (B1 and B2). About 50% of the microdissected basal cells were in
contact with the basement membrane, as this region was limited to the
bottom two cell layers. Emission spectra obtained from UVA, UVB, and ssUV
sources used in this study (B).

DNA Sequencing

Amplicons, which were purified by ExoSAP-IT (Amer-
sham Biosciences), were sequenced in both forward and
reverse directions using an Applied Biosystems model
373A. Sequence readouts were checked as previously
described.?® The GenBank database accession number
is X54156. A mutation was recorded only if detected in
both TagDNA polymerase and VELOCITY DNA polymer-
ase amplified amplicons.

Results
UVA, UVB, and ssUV Sources

Figure 1B shows the emission spectra of the UVA, UVB,
and ssUV sources. Using the WG335 schott filter, all
photons below 320 nm were cut, which excluded UVB.
There is little visible light between 400 and 430 nm, thus
the mutations were induced by UVA, but they may not be
specific to UVA. The UVB source contains 71% UVB with
26% UVA, mainly below 330 nm. Therefore, UVA within UVB
may make a small contribution to UVB induced mutations.
The ssUV source contains 88% UVA and 8% UVB.

UVA and UVB Increase p53 Protein Expression

EHS resembles human skin morphologically (Figure 2A).
It has an underlying dermis, with the epidermis showing
the complete layering and differentiation pattern of nor-
mal human skin. Basal, spinous, granular, and kera-
tinised layers were clearly distinguishable in EHS. The
epidermis was of similar thickness to normal human adult
skin. The underlying dermal equivalent was composed of
dermal fibroblasts embedded into a collagen matrix.
Overall, the morphology of irradiated EHS was very sim-
ilar to the un-irradiated control. However, a slight thick-
ening of the stratum corneum was observed in irradiated
EHS compared with control, which was more obvious
with higher doses of irradiation compared with lower
doses. No distinguishable differences in morphology
were observed between UVA-, UVB- or ssUV-irradiated
samples. UVA, UVB, and ssUV all increased levels of p53
protein as detected by immunostaining (Figure 2B). A
large number of p53 positive cells were observed within
the basal layer, in addition to staining in the suprabasal
compartments. The large number of p53 positive cells in
the basal layer may relate to the large number of nuclei
also present in this layer compared with suprabasal lay-
ers. Sunburn cells were not observed in irradiated EHS,
which was expected with these low doses.?° CPD stain-
ing could be detected in adult human skin, collected 24
hours after one ssUV exposure (Figure 2C). In contrast, no
positive CPD lesions were observed in our EHS samples
used for mutation analysis (Figure 2D). This is not surprising
as UV-induced photo-lesions are normally repaired with 24
to 48 hours,?® and our EHS were collected 3 days after the
final UV exposure. Proliferating Ki-67 keratinoctyes were
mainly localized at basal layers, but some Ki-67 positive
cells were seen in the suprabasal epidermis (Figure 2, E
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Figure 2. UV radiation does not induce detectable morphological changes in EHS (A). Fibroblasts (arrow) encased in a type I collagen lattice provides dermal
support for the epidermis. EHS collected on day 11, 3 days after the final of four UV exposures, were fixed and H&E-stained. Distinct basal (1), spinous (2),
granular (3), and cornified (4) layers are recognizable in un-irradiated control, 12.5 J/cm? UVA-, 0.1 J/cm? UVB-, and 1.4 J/cm? ssUV- irradiated EHS. Sections from
the same groups of EHS were immunostained for p53 protein (B). Anti-CPD immunostaining in adult human skin collected 24 hours after UV irradiation (C) and
in UV-irradiated EHS used for mutation detection (D). Anti-Ki-67 immunostaining in UV-irradiated adult human skin (E) and in UV-irradiated EHS (F). p53 positive
cells are stained brown. CPD and Ki-67 positive cells are stained red. Scale bar = 25 um.

and F) of our UV irradiated EHS. These data are consistent
with previous findings.?” The isotype and omitted antibody
controls were negative for staining.

UVA and UVB Induce p53 Mutations

To confirm and extend our earlier report that UVA and
UVB contribute to sunlight-induced p53 mutations in hu-
man skin cancers,®® we created and irradiated the EHS
as described in the Materials and Methods. dHPLC al-
lows automated detection of single base substitutions as
well as small insertions and deletions based on hetero-
duplex formation. The sensitivity of dHPLC has been
reported to range from 96 to 100%2%2° and can detect
variants at a frequency as low as 2.5% of cells.®° There-
fore it was used for screening p53 mutations in exons 5 to
9 from one or two 8-um thickness frozen sections from
each of these EHS samples. DNA sequencing was then
used to confirm the variants found by dHPLC. To in-
crease the sensitivity of sequencing, DNA was extracted
from regions containing 50 keratinocytes isolated by la-
ser capture microdissection. We also wanted to investi-
gate whether mutations were localized to small regions
within the EHS or occurred throughout the sample. There-
fore four regions containing 50 microdissected keratino-
cytes each, two regions within the suprabasal epidermal

layers (S1, S2), and two within the basal epidermal layers
(B1, B2) in each sample were investigated, respectively. To
ensure that any UV-induced mutations were accurately de-
tected, sequencing was performed on samples indepen-
dently amplified with TagDNA polymerase and high fidelity
VELOCITY DNA polymerase. Only mutations detected in
both sets of sequencing were used for data analysis.
About 80% of variants detected by dHPLC were con-
firmed as mutations by sequencing on at least one micro-
dissected sample amplification with TagDNA polymerase.
Of these, 63% were independently confirmed following am-
plified with high fidelity VELOCITY DNA polymerase. There
were good concordances between these detection sys-
tems. As shown in Table 1, 29 mutations were detected in
15 out of 24 UV-irradiated EHS, and none in un-irradiated
EHS. Some of these were repetitive detection of the same
mutation in different microdissected regions of the same
EHS. There were seven mutations in the 12.5 J/cm? UVA-
irradiated group. A mutation at exon 5, codon 178 was
detected in two different microdissected regions in each
of samples 7 and 8. Therefore five different mutations
were due to this dose of UVA (Figure 3), with two having
spread to multiple microdissected regions. Of seven mu-
tations detected in 6.25 J/cm? UVA-irradiated samples, a
mutation at codon 178 was detected in three locations in
sample 9. Hence there were five different mutations in-
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Table 1. Details of Mutations Detected in Exons 5-9 of p53 in EHS Samples

S-E-L* Base change Codon & change MtT CpG* Py-Py
12.5 J/cm? UVA
5-5-B1 G:C>AT 162, ATC to ATT S - +
5-5-B1 AT>C:G 178, CAC to CCC M - -
6-6-B1 G:C>C:G 202, CGT to CCT M + -
7-5-S1 AT>C:G 178, CAC to CCC M - -
7-5-B2 AT>C:G 178, CAC to CCC M - -
8-5-S1 AT>C:G 178, CAC to CCC M - -
8-5-B2 AT>C:G 178, CAC to CCC M - -
6.25 J/cm? UVA
9-5-81 AT>C:G 178, CAC to CCC M - -
9-5-S2 AT>C:G 178, CAC to CCC M - -
9-5-B1 AT>C:G 178, CAC to CCC M - -
9-6-S2 G:C>C:G 202, CGT to CCT M + -
11-6-B1 G:C>C:G 222, CCGto CCC S + -
12-5-B1 AT>C:G 178, CAC to CCC M - -
12-6-S2 G:C>C:G 222, CCGto CCC S + -
0.1 J/cm? UVB
24-5-S2 AT>C.G 146, TGG to GGG M - -
24-5-82 G.C>C:G 156, CGC to CGG S + -
24-5-B1 G:C>AT 139, AAG to AAA S - +
0.05 J/cm? UVB
25-5-51 G:C>T:A 148, GAT to TAT M - +
25-5-82 G:C>T:A 148, GAT to TAT M - +
26-5-S2 G:C>C:G 156, CGC to CGG S + -
26-5-S2 G.C>C:G 158, CGC to CGG S + -
26-5-B1 G:C>C:G 156, CGC to CGG S + -
1.4 J/em? ssUV
13-5-S2 AT>C:.G 178, CAC to CCC M - -
13-9-B2 G:C>T:A 312, ACC to ACA S - +
15-9-B2 G:C>AT 312, ACC to ACA S - +
16-5-S2 AT>G.C 174, AGG to GGG M - +
0.75 J/lecm? ssUV
18-5-S1 AT>C:G 178, CAC to CCC M - -
20-5-S1 AT>C:G 178, CAC to CCC M - -
20-5-B2 AT>C:G 178, CAC to CCC M - -

*S-E-L, indicates sample number, exons and layers. There were 4 EHS per group, 5-8 12.5 Jlcm? UVA, 9-12 6.25 J/cm? UVA, 21-24 0.1 J/cm?
UVB, 25-28 0.05 J/cm? UVB, 13-16 1.4 J/cm? ssUV, and 17-20 0.75 J/cm? ssUV. S1 and S2 are regions 1 and 2 in the suprabasal layers of the
epidermis; B1 and B2 are regions 1 and 2 in the basal layers of the epidermis. TMt, mutant, S, indicates silent Mt, M, indicates missense Mt. ¥+ indicates

mutations at CpG or Py-Py sites, — indicates mutations outside.

duced by the lower dose of UVA. Three mutations were
found in the 0.1 J/cm? UVB-irradiated samples and none
were detected at more than one region, therefore three
mutations were induced by this dose of UVB. Five muta-
tions were found in 0.05 J/cm? UVB-irradiated samples
but identical mutations were detected at two locations in
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Figure 3. UVA and UVB induce p53 mutations in EHS. Similar numbers of
mutations are induced by UVA, UVB, and ssUV. Each group had four EHS
samples, and total mutations in each group are shown, as detected by
sequencing.

sample 25 (exon 5, codon 148) and sample 26 (exon 5,
cordon 156), and therefore the lower dose of UVB in-
duced three mutations. Four mutations were found in 1.4
Jlem? ssUV-irradiated samples and none were detected
at more than one location. Among three mutations de-
tected in 0.75 J/cm? ssUV-irradiated samples, the same
mutation was detected at two locations in sample 20
(exon 5, codon 178). Therefore the lower dose of ssUV
induced two mutations. In total, 22 mutations were found
to be induced by the three types of radiation tested, UVA,
UVB, or ssUV. In another words, about 0.9 mutations
were found per UV-irradiated EHS.

Localization of UVA- and UVB-Induced Mutations

Based on assigning fingerprint mutations to the likelihood
of being caused by UVA or UVB, we have previously
suggested that UVB-induced DNA damage is confined to
the upper epidermal layers of human skin cancers and
precancers, whereas UVA-induced DNA damage pre-
dominates in the lower layers.?® This stratification is in-
triguing as the greatest radiation load of both wavebands
is at the surface of the epidermis. To confirm this finding,
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Figure 4. UVA-induced mutations are predominantly at the base of the
epidermis. Mutations identified in Figure 3 were divided into whether they
were found in suprabasal or basal layers of epidermis.

we compared UV-induced mutations in the suprabasal
and basal epidermal layers (Figure 4). Note that some
mutations were found in both suprabasal and basal epi-
dermis and were therefore counted twice in Figure 4, but
only once in Figure 3. Of five mutations induced by the
higher dose of UVA, three were found in the basal layer,
and two were found in both suprabasal and basal layers.
Thus, two and five mutations were in the suprabasal and
basal layers, respectively. Among five mutations induced
by the lower dose of UVA, two were at the suprabase, two
were in the base, and one was in both layers. Therefore,
there were three mutations in the base and three at the
suprabase. Of the three mutations induced by the higher
dose of UVB, two were at the suprabase and one was in the
base. Of the three mutations induced by the lower dose of
UVB, while one was only at the suprabase, two were in both
the basal and suprabasal layers. Therefore, two mutations
were in the base and three were at the suprabase. Of the
four mutations induced by the higher dose of ssUV, two
were in the base only, and two were at the suprabase only,
and none were in both layers. Of the two mutations induced
by lower dose ssUV, one was at the suprabasal layer only,
and one was in both layers. Therefore two mutations were at
the suprabase and one in the base. These results show that
UVA-induced mutations are predominantly at the basal
layer of the epidermis, whereas UVB- and ssUV-induced
mutations are evenly distributed to the both suprabasal and
basal layers.

Types of Mutations Induced by UVA and UVB

Because the amount of UVA energy absorbed by DNA is
much lower than UVB,®' its mechanism of action is
thought to be different from UVB.®? To examine whether
different UV wavebands induce distinct types of muta-
tions in EHS, results from the higher and lower doses of
each UV waveband were grouped. Among ten UVA-
induced mutations (Figure 5), five were A:T>C:G trans-
versions, which were the most predominant mutations,
followed by four G:C>C:G transversions and a G:.C>A:T
transition. Of the six UVB-induced mutations, the most
predominant (three) were G:C>C:G transversions, fol-
lowed by a A:T>C:G transversion, a G:C>A:T transition,
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Figure 5. Types of p53 mutations induced by UV. Mutations from each of the
two doses were pooled for each spectrum to give eight EHS per spectrum.

and a G:C>T:A transversion. Among six ssUV-induced mu-
tations, the most predominant were three A:T>G:C transi-
tions. Others include a G:C>A:T transition, a A:T>G:C tran-
sition, and a G:C>T:A transversion.

UV-Induced Hotspots in EHS

Hotspots (=two mutations at the same codon) were
found in response to each of the three UV wavebands. As
shown in Figure 6, while there were noticeable differ-
ences in the mutations’ distribution between each UV
waveband, identical hotspots shared across UVA and
ssUV were noticed. UVA-induced mutations were found
from codons 162 to 222. Five mutations were found at
codon 178 and two at 202 and 222. UVB-induced mutations
were from codons 139 to 158. Two mutations were found at
codon156. The ssUV-induced mutations were found from
codons 174 to 312. Three mutations were found at codon
178, corresponding to a UVA hotspot. Two mutations were
found at codon 312.

Other Characterizations of Mutations

Two types of mutations (missense and silent) were found.
Of the UVA- and ssUV-induced mutations, 70% and 67%

5 HUVA OuvB [Ossuv

Number of mutations
w

JLT LU [

139 146 148 156 158 162 174 178 202 222 312

p53 codons

Figure 6. Distribution of p53 mutations induced by UV. Mutations from each
of the two doses were pooled for each spectrum to give eight EHS per
spectrum. Mutations were detected by sequencing in microdissected groups
of 50 keratinocytes localized at the suprabasal or basal regions of the
epidermis.
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were missense mutations, respectively. In contrast, 67%
of UVB-induced mutatons were silent. In addition, 10% of
UVA-, 33% of UVB-, and 50% of ssUV-induced mutations
were at dipyrimidine sites. Many UVA- and UVB-, but no
ssUV-induced mutations were at CpG sites. Most of these
mutations were localized to the DNA binding domain
(codons 102 to 292), and none were at the nuclear export
signal region (316 to 324), or the tetramerization domain
(326 to 356).

Discussion

This study indicates that UVA as well as UVB is able to
induce mutations in p53 in human skin. UVA and UVB
induced similar numbers of mutations in EHS, suggesting
that both of these UV wavebands contribute to sunlight-
induced p53 mutagenesis in human skin. For the higher
dose UVA, larger numbers of mutations were found in the
basal layer of EHS than in the suprabasal layers. These
results are consistent with our previous findings in human
skin cancers and precancers,®® where the roles of UVA
and UVB were implicated by the types of mutations.
However in this study the UV wavebands are known
rather than implied. Our previous study was in fully
formed tumors while the current study shows that the
predominance of UVA-induced mutations in basal cells
occurred in response to only four UV exposures.

This study has several strengths that are likely to ac-
count for the differences from previous studies. The
model is designed to mimic human exposure to sunlight
during routine daily activities rather than the higher UV
exposures resulting from recreational activities. The dose
of ssUV used (1.4 J/cm?) would be delivered by 36
minutes exposure to sunlight in early spring in Sydney,
Australia, at midday (0.64 mW cm?).®® Clearly, at more
extreme times of year, such as mid summer or winter,
shorter or longer exposure times would be required.
Therefore, this dose is relatively low and achievable by
natural sun exposure. There are a number of complex
biological parameters involved in the formation of sun-
light-induced mutations in human skin, each of which
was mimicked in this study. The exposure spectrum
used is a good match to sunlight, not only due to the
absence of wavebands lower than are found in sun-
light, but the shape of the spectrum. Many irradiation
sources are overweight in low wavelength UVB as com-
pared with sunlight. Due to differential wavelength pen-
etration through tissue, our use of EHS that morpholog-
ically resembled human skin should result in the dividing
basal cells receiving a similar spectrum to basal keratin-
ocytes in humans exposed to sunlight. Monolayer cell
cultures or animal models with thinner skin cannot model
the UV wavebands likely to reach basal keratinocytes.
Cellular interactions and differentiation state have a large
impact on many aspects of cell behavior including divi-
sion and responses to toxic insults such as UV. This has
been mimicked by the EHS used in this study where any
photodamaged cell would remain localized within the
epidermis and subject to regulation via interactions with
surrounding cells. The low doses of UV used in this study

are also an important consideration because they should
be too low to induce apoptosis®*3° or possibly even cell
cycle arrest. However, these low doses of UV induced an
increase of p53 immunoreactive cells especially at the
base of the epidermis, which may indicate damage to
053.22 These considerations may have contributed to our
ability to detect mutations in the majority of irradiated EHS
despite the small number of irradiations and the low
doses. Our data are consistent with a previous study on
microdissected sunlight-exposed human skin that found
distinct p53 mutations in keratinocytes from different re-
gions of the epidermis at a similar frequency to our study.3®
Nevertheless this model indicates that only four exposures
to doses of sunlight to which humans can be exposed
during normal daily activities are capable of inducing mu-
tations in the dividing basal cells of the epidermis.

UVA-induced mutations at the basal layers of the epi-
dermis may be particularly crucial to skin photocarcino-
genesis since this region contains the dividing basal
keratinocytes, keratinoctye stem cells, and transient am-
plifying cells, which are thought to give rise to skin tu-
mors.®” Therefore, UVA may have a more important role
in human skin carcinogenesis than has been suggested
by photocarcinogenesis experiments in animals,* or mu-
tation studies in cell monolayers,®® or in psoriasis pa-
tients.®® A large percentage of UVA-induced mutations
caused amino acid changes, consistent with this. Pre-
dominant UVA-induced mutations at the basal layer of the
epidermis may be at least partially due to the high inten-
sity of UVA in sunlight and the greater ability of UVA to
penetrate to the base of the epidermis. Indeed, thicken-
ing of the stratum corneum was not only observed by the
UVA- but also the UVB-irradiated EHS samples. Less
efficient repair of UVA-induced genetic damage at the
base® would also have this effect. Moreover, it might be
possible that mutant p53 increases symmetric replication
as wild-type p53 induces asymmetric stem-cell-like divi-
sion,*" and lead to rapid mutant p53 expansion at the
basal epidermis. Chronic UVB exposure drives cells car-
rying mutant p53 to escape the stem cell compartment®?
to suprabasal layers, where the keratinocytes are still
able to divide.*® Therefore, the cells harboring DNA dam-
age/mutant p53, and that are dividing at the suprabasal
layers, may contribute to UVB- but not UVA-induced mu-
tations at these layers. Moreover, repetitive UV irradiation
may result in accumulation of mutations and cell prolifer-
ation. Alternatively, UVA-induced photodamage may oc-
cur via UVA absorption by an unknown chromophore
resulting in production of reactive oxygen species.*
Therefore, localization of the chromophores and anti-
oxidant defense mechanisms will also influence the lo-
calization of mutations.

Chronic exposure to suberythemal doses of sunlight
may result in p53 mutations and contribute to skin cancer
development. Suberythemal doses of UV have been
shown to induce significant DNA damage including
CPDs and (6-4)-photoproducts in human skin of different
racial/ethnic groups,*®“® and induces immunosuppres-
sion in both humans? and mice.*” Exposure to about 0.08
minimal erythemal dose with a latency time of 234 to 238
days has been shown to induce squamous cell carci-



noma and actinic keratosis in nearly all UV-irradiated
mice.*®49 If UV-induced damage is extreme and irrepa-
rable, cell death occurs. Low doses of UV such as doses
used in the current study may however produce less
catastrophic lesions in DNA, so that the cells do not die
by apoptosis but instead harbor unrepaired genomic
damage that is the first step toward cancer, as observed
in this study. The rate of cell proliferation was significantly
increased in suprabasal layers in actinic keratosis and skin
adjacent to actinic keratosis, and in sun-exposed skin com-
pared with non-sun-exposed skin.*° In addition, it has been
shown that epidermal cell proliferation was significantly in-
creased in the progression from normal skin to squamous
cell carcinoma.®®®" Thus, UV-induced proliferation of
both basal and suprabasal keratinoctyes enables muta-
tions to be established and may contribute to initial pro-
cess of tumorigenesis. Similarly in our study, both basal
and suprabasal keratinocytes in UV-irradiated EHS were
Ki-67 positive, indicating that they were dividing. This
would enable the fixation of mutations at both of these
layers.

Analysis of the IARC TP53 Mutation Database (www-p53.
iarc.fr) and previous published papers showed that few
mutations in our study were the same as those previously
seen in actinic keratosis, squamous cell carcinoma or
basal cell carcinoma. Some of the mutations found in our
study were located on dipyrimidine sites, but were not C
to T transitions. In contrast, p53 mutations found in human
skin cancer are mainly C to T transitions located at dipyri-
midine sites. Prominent hotspots (177, 179, 196, 245,
248, and 278)°2 found in human skin cancer are lacking
in the current study. However, most of our mutations were
within these hotspot regions. Interestingly, mutations at
codon 178 appeared frequently in our study as well as in
patients with xeroderma pigmentosum with squamous
cell carcinoma.®? It is possible that UV exposure may
drive mutations at codon 178 to create new mutations in
adjacent codons177 and 179, as direct sequence alter-
ations can alter the adjacent base and create transition
hotspots.®® p53 mutations have been frequently found in
normal human skin, but most of these are lost by epider-
mal turnover. Only the mutations formed in long residing
germinative stem cells,®* or those that give a growth
advantage may play critical roles in skin carcinogenesis.
Relatively short UV exposures in our experimental model
are unlikely to enable selection of clones with a mutation
that gives a growth on tumorigenic selective advantage.
We therefore expected to see the mutations randomly
distributed in p53, not selected for by tumorigenesis. This
is exactly what we saw, rather than a predominance of
mutations at p53 hotspots in human cancer. Importantly,
our study demonstrated that low doses of ssUV with a
UVA to UVB ratio that is similar to what is found in sun-
light, have the ability to induce p53 mutations. Whether
these mutations are within stem cells or proliferating cells,
in both basal and suprabasal epidermis is not known, but
some of these mutations may modify p53 function as
most change amino acids and locate at the DNA binding
domain. Despite both UVA and UVB inducing a similar
range of mutations, some differences were observed.
Furthermore, different mutation hotspots were found be-
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tween these two UV wavebands, suggesting that the
mechanisms of UVA and UVB mutagenesis may differ. As
the types of mutations and hotspots induced by ssUV
were different to those induced by either UVA or UVB, an
interaction between these two UV wavebands within sun-
light may occur, contributing to mutagenesis.

A:T>C:G transversions were the most frequent muta-
tional event with UVA exposure but not UVB in our EHS
studies. This finding is consistent with A:T>C:G transver-
sions being found in a large proportion of UVA- but not
UVB-irradiated Chinese hamster ovary cells.” UVA mu-
tagenesis has also been suggested to result from oxida-
tive DNA base modifications, such as 7, 8-dihydro-8-
oxoguanine.®®>*® While a high proportion of G:C>T:A
transversions, considered to be the mutagenic hallmark
of 7, 8-dihydro-8-oxoguanine, was found in UVA-irradi-
ated rodent cells®”-® and healthy human skin exposed to
40 J/cm? UVA1 three times a week for 2 weeks,*® none
were identified in UVA-irradiated EHS in this study. It is
generally accepted that G:C>A:T transitions are UVB
fingerprints.' ' However, Kappes et al®*® found that Cto T
transitions were the predominant type of mutation induced
by UVB as well as UVA in cultured primary neonatal human
fibroblasts. Formation of CPDs, the precursor of C to T
transitions have been found in UVA-irradiated cultured cells
and human skin.®82%° C to T transitions are present but
not predominant in UVA- and UVB-irradiated samples in
the current study. G:C>C:G transversions are likely to be
formed by reactive oxygen species, and were frequently
seen with UVB and UVA in the current study. These
lesions were not found in the hrpt gene of UVA- and
UVB-irradiated primary human fibroblasts,®® nor in cl/®”
and Jacl transgenes®®° in UVA-irradiated Big Blue mouse
embryonic fibroblasts. In contrast a similar frequency of
A:T>G:C transitions were induced by UVA and UVB in
the hprt gene of human fibroblasts,*® but only one was
found in ssUV-irradiated EHS. Thymine glycol, an oxi-
dized pyrimidine lesion, has been reported to induce
A:T>G:C transitions.®" Discrepancies between our data
and other studies may be due to a number of factors,®?
such as differences in experimental models and design,
cell types, UV sources and doses, the detection meth-
ods, and relative small numbers of mutations. Neverthe-
less, both our data and published data suggest that
oxidative base damage via different oxidative stress re-
actions may contribute to UVA, UVB, and ssUV mutagen-
esis. Thus the inclusion of anti-oxidants in sunscreens
may help to prevent sunlight-induced gene mutations.
Our use of EHS combined with low doses of spectra that
match the respective wavebands of sunlight means that
the mutations detected here are likely to be of physiolog-
ical relevance for human sun exposure.

In conclusion, we have demonstrated three important
findings. Firstly, UVA induces mutations in human skin
that are predominantly located in the basal layers of the
epidermis. This suggests that further UVA protective
strategies are required and emphasizes the importance
of UVA in causing mutations in humans. Secondly, some
similarities were observed between UVA- and UVB-in-
duced mutations. Thirdly, the mutations were induced by
low dose of ssUV, demonstrating that sunlight exposures
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that can be achieved in normal daily activities are muta-
genic. The results emphasize the need for greater public
awareness that there are no safe UV wavelengths.®?
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