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ABSTRACT 
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Sun-damaged skin is a relevant target tissue for studying the development of skin 
cancer. The aim of the present study was to investigate the epidermal response to 
ultraviolet radiation (UVR) in human skin in vivo and in vitro and to explore the 
mutagenic effect of UVA. The prevalence and the genetic background of epidermal 
p53 clones were furthermore analyzed. 

Large inter- and intraindividual differences were observed in the epidermal 
response to UVR. Repair of UV-induced DNA damage appeared more efficient in 
chronically sun-exposed skin than in non-sun-exposed skin. Irradiation with UVA1 
induced p53 mutations in keratinocytes. The pattern of mutations was indicative of 
oxidative damage, consistent with UVA acting as a mutagen. 

The prevalence of p53 clones in skin adjacent to basal cell carcinoma (BCC), 
squamous cell carcinoma (SCC) and benign melanocytic nevus in patients of 
different age groups was analyzed. An age-dependent increase in number and size of 
p53 clones was observed. Epidermal p53 clones were significantly larger and more 
frequent in skin adjacent to SCC than adjacent to BCC or melanocytic nevus. 
Mutation analysis of the entire coding region of the p53 gene showed that 57 % of 
p53 clones in normal skin surrounding BCC and SCC have a mutated p53 gene.  

In conclusion, this study has increased our knowledge of the effects of UVR in 
chronically sun-exposed skin. The mutation spectra observed in epidermal p53 
clones resembled that of non-melanoma skin cancer. The increased prevalence of 
epidermal p53 clones adjacent to SCC indicates that epidermal p53 clones may 
represent a step prior to actinic keratosis in the development of SCC. 
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ABBREVIATIONS

AK Actinic keratosis  
BCC Basal cell carcinoma 
BER Base excision repair 
bp base pair 
BSA Bovine serum albumin 
C Cytosine 
CIS Carcinoma in situ 
CPD Cyclobutane pyrimidine dimer 
DNA Deoxyribonucleic acid 
EPU Epidermal proliferative unit 
G Guanine 
hh Hedgehog  
IARC International Agency of Research on Cancer 
LOH Loss of heterozygosity 
MED Minimal erythema dose 
MMR Mismatch repair 
NER Nucleotide excision repair 
NMSC Non-melanoma skin cancer 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
SCC Squamous cell carcinoma 
SED Standard erythema dose 
Shh Sonic-hedgehog 
Smoh Smoothened 
SPF Sun protecting factor 
T Thymine 
TCR Transcription coupled repair 
UVR Ultraviolet radiation 
wt Wild-type 
XP Xeroderma pigmentosum 
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BACKGROUND

Introduction
Cancer is defined as a cellular disease composed of a transformed cell 
population with an antisocial behavior. Carcinogenesis is a multi-step series 
of somatic genetic events. The complexity of this multi-hit process makes it 
difficult to determine the result of each single event. Clonal expansion of 
mutated cells gaining selective growth advantage increases the risk for 
accumulation of additional genetic events, in which the phenotype is 
changed into a more malignant form. The malignant progression is preceded 
by precursor stages, however there is no sharp border between precancer and 
cancer.

Human skin is an excellent tissue for studying the development of cancer. 
Easily detectable changes occur in the skin, even at an early stage of tumor 
development. Samples from precancers and cancers are thus easy to obtain 
for analysis. This access has paved the way towards understanding of some 
basic carcinogenic mechanisms. Another advantage of the use of human skin 
is that ultraviolet radiation (UVR), identified as a major etiological risk 
factor for development of skin cancer, leaves traces that can be found in the 
genome of skin tumor cells (Nakazawa et al., 1993; Wikonkal and Brash, 
1999; Ziegler et al., 1993).  

Chronically sun-exposed skin is a relevant target tissue for skin cancer 
development, on the account of the frequent exposure to UVR during a 
lifetime. Experimental studies in chronically sun-exposed skin covering 
epidermal responses to UVR and mutation analysis of the p53 tumor 
suppressor gene may contribute to deeper knowledge of the cellular and 
molecular mechanisms involved in the transformation of normal 
keratinocytes into dysplastic keratinocytes. 
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The skin 
The skin is the largest organ of the body. It covers the outside of the body 
and functions as a shield to protect against mechanical injury, invading 
microorganisms and fluid loss. The skin also serves the vital purposes of 
helping to regulate body temperature, detecting sensory stimuli, 
metabolizing vitamin D and protecting against UVR. The thickness of the 
skin varies between less than 1 mm to more than 4 mm, depending on the 
anatomical site. The skin of the hands and feet has the greatest thickness, 
while the eyelid, for example, is very thin. 

The skin can be divided into two parts: the epidermis (the outer layer) and 
the dermis (the inner layer). Lying beneath the dermis is a layer of 
subcutaneous fat, by which the skin is connected to deeper structures 
(McKee, 1996). The epidermis is composed of a multi-layered sheet of 
keratin-synthesizing cells. These cells are arranged in four layers according 
to their function and structure, namely the basal, spinous, granular and 
cornified layers (Figure 1). The basal cells are germinative keratinocytes and 
consist of both stem cells and transit-amplifying cells (Jensen et al., 1999). A 
stem cell divides asymmetrically into one identical stem cell and one transit-
amplifying cell, which in turn give rise to a population of dividing and 
differentiating keratinocytes. These daughter basal cells, which form multi-
cell layers (4-10 layers) of polyhedral cells, are continuously produced and 
pushed upwards during differentiation. In the granular layer the cells become 
flattened and start to lose their nuclei. This layer is called the granular layer 
because of the keratohylin granules that can be seen in the cell cytoplasm. 
The cornified layer consists of a sheet of overlapping flattened cornified 
keratinocytes with no nuclei, which are continuously being shed from the 
surface. This desquamation is the end result of terminal differentiation. The  

Figure 1. Schematic drawing illustrating the different layers of human 
epidermis. 
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epidermis is thus a constantly renewing tissue and the turnover time in viable 
epidermis is 26–42 days (Rook/Wilkinson/Eblling, 1992). The homeostasis 
requires a population of stem cells that give rise to the proliferating 
keratinocytes, which eventually become the terminal differentiating cells. It 
has been suggested that the epidermis is composed of a fine mosaic of 
epidermal proliferative units (EPU). Each unit consists of a column of cells, 
supported by one epidermal stem cell positioned in the basal cell layer 
(Parkinson, 1992; Potten, 1974; Potten and Booth, 2002). The size of an 
EPU has been estimated to be less then 35 basal cells in diameter (Asplund 
et al., 2001). Exactly how stem cells maintain the constant size of their 
respective EPU is obscure, although the balance between cell division and 
cell death (apoptosis) has been suggested. With whole-mount epidermal 
immuno-fluorescence labeling using high surface β1-integrin expression as a 
stem cell marker, clusters of high β1-integrin-expressing cells have been 
found in patches, confirming the presence of EPUs (Jensen et al., 1999).  

The epidermis is contiguous with the outer root sheath of the hair follicle. 
In addition to hair follicles, skin appendages consist of nails, sweat glands 
and sebaceous glands. The hair follicle originates from the basal layer and 
grows down into dermis. The cellular trafficking between the epidermis and 
the hair follicles is uncertain. There are at least two different types of stem 
cells in the epidermis, and whether they originate from different stem cells or 
from a stem cell with a pluripotential capacity is not resolved. It has been 
demonstrated that follicular stem cells residing in the bulge area of the hair 
follicles and responsible for forming the lower hair follicle, are also involved 
in the formation of the upper follicular epidermis (Taylor et al., 2000). This 
suggests that bulge stem cells are bipotent, i.e., capable of undergoing two 
distinct differentiation pathways leading to the formation of either cornified 
epidermal cells or the hair shaft. 

 The epidermis also harbors immigrant cells of neural crest and 
hematopoietic origin (Lever and Schaumberg-Lever, 1990). These cells, 
which are of three types, do not synthesize keratin and have their own highly 
distinctive phenotypic organelles. Two of the cells, melanocytes and 
Langerhans cells, are dendritic; and those of the third type, Merkel cells, are 
associated with a terminal neuraxon. The melanocytes are located in the 
basal layer and account for approximately 10% of the cell population in the 
epidermis. They produce highly UV-absorbing pigment (melanin), which is 
transferred through their dendrites to keratinocytes. The dendrites of each 
melanocyte are in contact with approximately 20-40 keratinocytes. The 
function of melanocytes is to protect the skin from the hazardous effects of 
UV light. This may account for why individuals with less pigmentation (fair-
haired and light-skinned) have a much greater risk of sunburn and 
developing skin cancer (Armstrong and Kricker, 2001; Fitzpatrick, 1986). 
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Langerhans cells (antigen-presenting cells) are mostly found in the spinous 
layer and constitute 2 to 4% of the total epidermal cell population. They play 
a crucial role in contact sensitivity reactions and in immunosurveillance 
against viral infections and tumors of the skin.  

The dermis lies immediately below the epidermis and consists of 
connective tissue mainly built up of collagen fibers, running in horizontal 
bundles, and elastin. The elastic fibers are essentially responsible for the 
retractile properties of the skin and they are intimately associated with the 
collagen. Contained within the dermis are the skin appendages (surrounded 
by a connective tissue sheath), blood vessels and nerves, and a cellular 
component including mast cells, fibroblasts, myofibroblasts and 
macrophages. Smooth muscle is also represented in the arrector pili muscles. 

Ultraviolet radiation  
Solar UV radiation is subdivided according to its wavelength into: UVA 
(320-400 nm), UVB (280-320 nm) and UVC (200-280 nm) (Kochevar et al., 
1993). UVA is further divided into two parts, UVA2 (320-240) and UVA1 
(340-400 nm), according to the pigmentation effects, which are wavelength-
dependent (Fitzpatrick, 1986).  

UVC, with the shortest wavelengths and highest photon energy, is the 
most harmful of all UV radiation. Fortunately, UVC is completely filtered 
out by the ozone layer in the atmosphere and can therefore be disregarded as 
a natural cause of skin cancer. 

UVB is partially filtered out by the ozone layer, and emits most of its 
energy in the epidermis and the papillary dermis. The epidermis contains a 
number of chromophores with absorption spectra within the UVB range, 
such as nucleic acids, urocanic acid and aromatic amino acids (Young, 
1997). This makes UVB the most harmful radiation to humans. Light-
photons from UVR absorbed by chromophores in the epidermis generate 
extra energy to form photoproducts, emit light or generate heat. An outcome 
of this reaction is induction of erythema, burns and DNA damage. DNA is 
the most important chromophore for the photobiological response in the 
UVB range. The carcinogenic effect of UVR is mediated through induction 
of DNA photoproducts (Figure 2). UVR induces a reaction between adjacent 
pyrimidine bases in nucleic acids linked by a cyclobutane ring involving 
carbon atoms 5 and 6, resulting in the formation of a cyclobutane pyrimidine 
dimer (CPD). This reaction occurs between adjacent thymine (T) or cytosine 
(C) residues on the same DNA strand. The formation of a CPD causes 
distortion in the DNA helix due to the unwinding of the DNA. Pyrimidine 
dimers of another type formed during UVR are 6-4 photoproducts 
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(Lehninger et al., 1993). Modeling studies suggest that the reaction leading 
to 6-4 photoproducts intermediates also require unwinding and bas rotation 
for dimerisation to occur more easily. The 6-4 photoproduct causes even 
larger structural distortion in the DNA helix (Kim et al., 1995). TT dimers 
are the predominant photoproducts formed by UVR and are induced in 
amounts two to three times those of 6-4 photoproducts in human skin 
(Bykov et al., 1998b; Bykov et al., 1999; Young et al., 1996). Photoproducts 
may give rise to manifest mutations if they are not removed and repaired. 
Such mutations often display a typical signature, i.e., C to T or CC to TT 
transitions at dipyrimidinic sites (Brash et al., 1991). Several mechanisms for 
such mutations have been suggested. One is the “A rule”, as adenosine is 
inserted to the opposite pyrimidine dimer, e.g. CT, leading to the mutation C 
to T ; another is that the amino group of cytosine quickly deaminates when it 
is part of a pyrimidine dimer, and the resulting uracil will code as thymine if 
not quickly repaired (Lee and Pfeifer, 2003; Tessman et al., 1992).  

Figure 2. Structure of the TT dimer (a) and 6-4 photoproduct (b) formed 
after UV irradiation.

UVA penetrates into the papillary and upper reticular dermis and is 
thought to predominantly affect the dermis, resulting in collagen breakdown, 
with destruction of the elastin/collagen network, leading to wrinkling of the 
skin. DNA is not capable of absorbing UVR at wavelengths longer than 320 
nm. Longer wavelengths such as those of UVA can cause damage to the 
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genetic material through chromophores, which absorb UVR with long 
wavelengths and transfer the energy further towards the DNA, a process 
called photosensitization. DNA damage from UVA is mainly the result of an 
indirect reaction through excitation of a cellular species, mainly singlet 
oxygen. Singlet oxygen can react with guanine and generate premutagenic 
lesions, which generate G to T and T to G transversions (Cheng et al., 1992; 
Drobetsky et al., 1995). 

Photoprotection
Endogenous protection against UV-induced DNA damage is generated by 
reflection, pigmentation and thickening of the skin. Based on “self reported” 
tendency to burn and tanning ability, human skin is traditionally classified 
into six solar categories (skin type I-VI) with regard to photosensitivity 
properties (Fitzpatrick, 1988). Increased protection is required to reduce the 
risk of skin cancer development, and this can be provided by different 
measures such as sun avoidance, proper use of protective clothing and 
application of topical sunscreens. The sun protecting factor (SPF) number 
given on the label of sunscreen is based on the erythema reaction in the 
human skin. SPF is defined as the ratio of the smallest amount of ultraviolet 
light required to produce erythema on sunscreen-treated skin to the amount 
of ultraviolet light required to produce the same erythema on unprotected 
skin (Vainio and Bianchini, 2000). According to the European requirement 
for determination of SPF, an application dose of sunscreen is 2 mg/cm2

(COLIPA) (Spielmann et al., 1995). In real life situations, it has been shown 
that people apply only 20-50 % of the recommended dose (Wulf et al., 
1997). Consequently, the protection provided by the sunscreen is only about 
one third of the expected. Credence to the high SPF label on the sunscreen 
may motivate people to spend more time in the sun, which could be even 
more hazardous. 

Several sunscreen products, if used correctly, are very effective in 
preventing erythema, but whether the sunscreens prevent human skin cancer 
is still unclear. Sunscreens have been shown to protect against UV-induced 
DNA damage and photooxidative damage (Bissonauth et al., 2000). In mice, 
it has been demonstrated that the use of sunscreen can reduce skin cancer 
formation (Ananthaswamy et al., 1999). In humans, the use of sunscreens 
has been shown to decrease the number of actinic keratosis (AK) lesions 
(Naylor et al., 1995; Thompson et al., 1993). A large 4.5 year randomized 
controlled study using a broad-spectrum sunscreen with an SPF of 16 
showed a significant reduction in the total number of squamous cell 
carcinoma (SCC), however no reduction of basal cell carcinoma (BCC) 
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(Green et al., 1999). Such studies are difficult to perform for practical and 
ethical reasons, and there is therefore a need for other approaches with short-
term surrogates for skin cancer, e.g. UV-induced DNA damage and 
subsequent mutations in cancer-related genes. 

DNA repair 
DNA repair is a complex process designed to preserve the integrity of the 
genome. Damage to DNA is repaired along different pathways: base 
excision repair (BER), nucleotide excision repair (NER), transcription 
coupled repair (TCR) and mismatch repair (MMR). TCR is an interesting 
phenomenon, since the DNA repair process is strand biased, i.e., the 
transcribed strand of DNA is repaired more efficiently than the non-
transcribed strand. DNA repair involves a complex set of enzymatic 
reactions that continuously scan the genome and remove lesions that are 
found. The major pathway of repair involves enzymes termed DNA repair 
nucleases, DNA polymerases and DNA ligases.  

The most frequent forms of DNA damage induced by UVR are large 
distortions in the helical structure of DNA, so-called bulky lesions. These 
lesions are removed by NER (Sarasin, 1999). The general steps involved in 
NER are thought to be recognition of the lesion, incision at the site of the 
lesion, excision of nucleotides, resynthesis, and ligation of the newly 
synthesized strand(Bohr, 1994). Efficient removal of DNA lesions is one 
important mechanism in the prevention of  malignant transformation and 
tumor progression. About 30-50 % of the CPDs are removed within 24 hours 
after UVR, while more than 50% of 6-4 photoproducts are removed within 6 
hours (Bykov et al., 1998b; Bykov et al., 1999). This difference in repair rate 
might be explained by the fact that 6-4 photoproducts cause much more 
severe distortion of the DNA helix than CPDs, and thus prioritized (Kim et 
al., 1995). Differences in repair related to gender, skin type and age have 
been discussed. In a previous study the authors concluded that there were no 
clear effects of age or gender (Xu et al., 2000). DNA damage in skin type IV 
has been shown to be more efficiently repaired than in skin type II (Sheehan 
et al., 2002).  

A functional NER is crucial for evading the detrimental carcinogenic 
effects of solar radiation. Defects in genes that encode proteins which either 
regulate or participate in NER can have catastrophic effects. Xeroderma 
pigmentosum (XP), a rare human hereditary disease with defects in the NER 
pathway, clearly illustrates the importance of DNA repair (Kraemer et al., 
1987). XP patients are extremely sensitive to sunlight and develop numerous 
skin tumors (SCC, BCC and malignant melanoma) at an early age. The 
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mutations found in tumors from XP patients mostly display a typical UV 
signature that is believed to be the result of an increase in the “A rule” 
pathway, due to the non-functional NER pathway (Williams et al., 1998).  

The p53 gene 
The human p53 gene is located on the short arm of chromosome 17. The 
gene is about 20 kb and contains 11 exons interrupted by 10 introns. The 
first exon is non-coding and includes an 85 bp regulatory sequence (Tuck 
and Crawford, 1989). The gene encodes a 53 kD nuclear phosphoprotein 
consisting of 393 amino acids. The protein, which acts as a tetramer, can be 
functionally and structurally divided into three domains: the N-terminal 
transcriptional activation domain, the DNA binding core domain and the 
multifunctional C-terminal domain (Figure 3). 

Figure 3. Schematic illustration of the p53 protein with its exons 2 to 11. Boxes with 
roman numerals show the five regions that are conserved across species (Hollstein et 
al., 1991). Ten hotspots (mutations with a higher frequency superior 2 % of all 
mutations) in BCC and SCC (IARC Tp53 mutation Database, R7 version, 
September 2002) are pointed out with their approximate positions. 

The N-terminal consists of a co-transcriptional activation domain that 
positively regulates gene expression. This region is also critically involved in 
regulating the stability and activity of p53 protein through interaction with 
proteins such as mdm2, which allows targeting of p53 to the ubiquitin-
mediated proteolytic machinery. The domain also contains a proline-rich 
region, which is required for p53-mediated apoptosis (Sakamuro et al., 
1997). A polymorphism at codon 72 resulting in either an arginine or a 
proline has been reported to play a role in human papilloma virus-associated 
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tumorigenesis (Gustafsson et al., 2001; Storey et al., 1998). The core domain 
is a region which folds in such a way as to form a domain which can interact 
with the DNA in a sequence-specific manner. This domain contains four of 
the five conserved regions, and the majority of missense mutations seen in 
humans occur in regions of the gene encoding this domain (Hollstein et al., 
1991). Mutations affecting critical residues involved in direct DNA contact 
or in the stable folding or the core domain of the protein could lead to loss of 
the ability of p53 to specifically bind DNA in a sequence-specific manner 
(Cho et al., 1994). The C-terminal domain  is responsible for the 
tetramerization of the p53 protein that is required for optimal binding to 
DNA (Jeffrey et al., 1995). 

The p53 protein was discovered in 1979 when it was found to form an 
oligomeric complex with SV40 T-antigen (Lane and Crawford, 1979; Linzer 
and Levine, 1979). p53 was first believed to be an oncoprotein, since it 
forms complexes with viral oncoproteins. However, in 1989 it was suggested 
that the p53 protein may have tumor suppressor functions, when it was found 
to play a role as a negative regulator of cell growth (Levine, 1990; Levine et 
al., 1991). Normal p53 protein has many complex functions, one of which is 
to serve as a security guard (Lane, 1992). When the DNA of a cell is 
damaged, p53 can either inhibit cell division until the damage is repaired, or 
force the cell to commit suicide (Figure 4). In response to cellular stress, 
including DNA damage, the p53 protein level rises. p53 protein acts as a 
transcription factor for p21WAF/Cip1 (El-Deiry et al., 1993). p21 protein 
inhibits activation of cyclin-cdk complexes, leading to decreased 
phosphorylation of Rb protein (Harper et al., 1993). A transcription factor, 
E2F, which is involved in the propagation from the G1 to the S phase of the 
cell cycle, binds to under-phosphorylated Rb protein. As long as Rb protein 
is under-phosphorylated, E2F will not be able to act as a transcription factor 
and promote entry to S-phase. When cell cycle arrest is not accomplished in 
DNA-damaged cells, apoptosis is triggered through transcriptional induction 
of genes that encode pro-apoptotic factors, such as Bax (Miyashita and Reed, 
1995). The mechanism by which a cell decides between the alternative fate 
of cell cycle arrest or apoptosis is still unclear. The p53 protein is itself 
regulated by a protein ARF, which is encoded by a single genetic locus 
INK4a/ARF. It has been shown that the expression of ARF stabilizes p53 by 
antagonizing its negative regulator mdm2. ARF can physically interact with 
mdm2, and its binding blocks both mdm2-induced p53 degradation and 
transactivational silencing (Kamijo et al., 1998; Zhang et al., 1998). 
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Figure 4. The p53 network. 

The p53 gene is the most frequently mutated gene in human cancers (Olivier 
et al., 2002). Humans suffering from the Li-Fraumeni syndrome have 
germline mutations within the p53 gene (Varley et al., 1997). The Li-
Fraumeni syndrome is a familial syndrome of a broad spectrum of associated 
cancers, including osteosarcomas, breast cancer, soft tissue sarcoma and 
leukemia occurring at an early age. Disruption of the normal p53 function is 
generally accepted as an important step in human carcinogenesis (Greenblatt 
et al., 1994; Ziegler et al., 1994). Most p53 mutations abrogate p53 
transcription activity and result in the loss of its anti-proliferation properties 
(Hussain and Harris, 1999). Synthesis of mutant p53 protein could be 
harmful to the cell. In particular, it has been shown that some p53 mutants 
(depending on the site of mutation) exhibit a transdominant phenotype and 
are able to associate with wild-type p53 (expressed by the wild-type allele) 
to induce the formation of an inactive heterooligomer (Srivastava et al., 
1993). Hotspot mutations vary from one cancer type to another and 
mutational spectra may thus reveal the mutagenic mechanisms involved in 
cancer development. Hotspots of C to T and CC to TT are found in skin 
cancers at certain sites that are different from those seen in internal tumors. 
In internal cancers, the hotspots mainly occur at CpG sites, whereas in skin 
cancer they occur at dipyrimidinic sites (Brash et al., 1991). 

Wild-type p53 is constitutively expressed in small amounts and under 
normal conditions it is present in a latent form with a half-life of 5-20 
minutes. It is degraded rather quickly compared to the mutant form. In 
addition to the normal presence of a few weakly p53-immunoreactive 
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keratinocytes, there are two different immunohistochemical staining patterns 
of p53 in the epidermis (Figure 4). UVR induces a physiological reactive 
pattern in the epidermis, reflecting the normal p53 function in repair of DNA 
damage and/or induction of apoptosis (Hall et al., 1993). The p53 positive 
cells are scattered in all cell layers, creating a disperse pattern of 
immunoreactive cells. In sun-exposed skin, clusters of keratinocytes with an 
intense nuclear accumulation of immunoreactive p53 have been identified. 
These clusters have been denoted epidermal p53 clones (Ren et al., 1996b). 

Figure 5. Two different immunohistochemical staining patterns of p53 in the 
epidermis. 

The epidermal p53 clone 
Clones of morphologically normal keratinocytes with intense nuclear 
accumulation of immunoreactive p53 are frequently found in chronically 
sun-exposed skin (Jonason et al., 1996; Pontén et al., 1995; Urano et al., 
1992). The frequency of p53 clones in the epidermis is variable and in 
chronically sun-exposed skin it has been estimated to be approximately 40 
clones per cm2 (Ren et al., 1997). The p53 clones have been found to be 
more numerous and larger in chronically sun-exposed skin compared to 
intermittently sun-exposed or sun-shielded skin. The differences in number 
and size are therefore believed to be dependent on the amount of exposure to 
the sun. In studies using microdissection, polymerase chain reaction (PCR) 
and direct DNA sequencing of p53 exons 4-9, it has been shown that 
approximately 30-70% of p53 clones harbor a p53 mutated gene (Pontén et 
al., 1997; Ren et al., 1996a; Tabata et al., 1999). The vast majority of 
mutations found in epidermal p53 clones are heterozygous missense 
mutations with a typical UV signature, i.e., C to T or CC to TT transitions at 
dipyrimidinic sites. It has been hypothesized that p53 clones are expanding 
clones of p53 mutated keratinocytes. The driving force for clonal expansion 
is believed to be UVR, presumably UVB. It has been shown that chronic 
UVB exposure is required for growth of p53 clones in mouse skin (Zhang et 

Reactive pattern Epidermal p53 clone
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al., 2001). Certain p53 mutations cause loss of normal p53 function and 
could potentially lead to a relative resistance to UV-induced apoptosis. 
Clonal expansion of mutated keratinocytes would thus be facilitated through 
repeated exposure to solar radiation. The role epidermal p53 clones play in 
the development of skin cancer is obscure. It is well known that p53 clones 
are found adjacent to both SCC and BCC, although that no proven genetic 
link has been found (Ren et al., 1996a). However, in studies using artificial 
UV irradiation to induce tumors in mice, p53 clones have been observed 
long before the appearance of any visible skin lesion (Berg et al., 1996; 
Rebel et al., 2001). An attractive model is that epidermal p53 clones are 
forerunners to the precursor lesion, actinic keratosis, associated with SCC.

Skin cancer 
Skin cancer, including malignant melanoma, BCC and SCC, is the most 
common form of cancer among Caucasian populations. As malignant 
melanoma is a neoplasm of melanocytes, and BCC and SCC are derived 
from keratinocytes, the two latter have been grouped together as non-
melanoma skin cancer (NMSC). The incidence of NMSC is increasing 
worldwide and varies from 1/100,000 per year in industrial countries such as 
Japan to rates of up to 1,000/100,000 per year in Australia (Gallagher et al., 
1995a; Gallagher et al., 1995b; Ikeda et al., 1989; Roberts, 1990). 
Fortunately, the mortality rates from NMSC are low. Several lines of 
evidence show that the risk of developing BCC and SCC is associated with a 
history of sun exposure (Armstrong and Kricker, 2001). The role of sunlight 
in the development of such tumors is demonstrated by; i) the location of the 
tumors (frequently sun-exposed skin), ii) the virtual absence of tumors in 
deeply pigmented skin, iii) the largely increased frequency of tumors in 
patients with a defective DNA repair system, and iv) the fact that skin 
tumors can be induced experimentally by exposure to UVR. Comparison of 
indoor and outdoor professions have shown a correlation between 
occupational sun exposure and incidence of skin cancer irrespective of skin 
type or age, indicating that UVR is the main factor responsible for the 
development of skin cancer. 

Basal cell carcinoma is the most common form of cancer in man. It is a 
slowly growing tumor and is most often located on sun-exposed areas, 
approximately 85% of the tumors arising in the head and neck region. The 
most common site is the nose, which accounts for 25-30% of all BCC 
tumors (Miller, 1991). BCC only occurs in hair-growing squamous 
epithelium. It is believed to arise by transformation of basal stem cells either 
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in hair follicles or in the epidermis. No distinguishable precursors have been 
found, but BCC presumably begins as small foci of proliferating basal cells, 
which replace normal epidermis and invade into the dermis. In spite of local 
invasive growth, metastases virtually never occur (von Domarus and 
Stevens, 1984). BCCs can develop in both hereditary and sporadic fashion. 
Nevoid BCC syndrome (Gorlin’s syndrome) is an autosomal dominant 
disorder, which is characterized by the development of numerous BCCs 
early in life (Gorlin, 1995). Families with a history of nevoid BCC syndrome 
have been shown to harbor mutations in the PTCH gene, which is located on 
chromosome 9q22.3. Although p53 mutations are very common (~50%) in 
BCCs (Pontén et al., 1997), alterations in the PTCH gene appear to be more 
frequent. In sporadic BCCs, 2/3 of the tumors show allelic loss and/or 
mutations in the PTCH gene (Gailani et al., 1996; Ling et al., 2001a). The 
protein product (patched) of the PTCH gene is a cell membrane receptor, 
which binds and inhibits the transmembrane protein Smoothened (Smoh). 
The inhibition can be relieved when the soluble protein sonic-hedgehog 
(Shh) binds patched. Restriction of the Smoh signaling is apparently critical 
for tumor suppression; that is, Smoh signaling is growth-promoting. 
Consequently, loss of the patched protein will increase the Smoh signaling. 
Alterations in the patched-signaling pathway are the only mutations that so 
far have been shown to have a causal role in BCC development so far, which 
has been demonstrated in transgenic mice (Nilsson et al., 2000; Oro et al., 
1997).

Squamous cell carcinoma of the skin most commonly arises in sun-
damaged sites (Quinn et al., 1994), and high cumulative life-time sun 
exposure has been associated with a higher risk of developing SCC. The 
mutations found in SCC most often display a typical UV signature. Unlike 
BCCs, which have no known precursor lesions, SCCs can emerge from AK 
and progress into squamous cell cancer in situ (CIS) and finally into invasive 
SCC (Ortonne, 2002). This progression has been observed not only 
histologically, but also on a molecular level (Nelson et al., 1994). Coexisting 
AK, CIS and SCC have been found to share identical mutations, further 
supporting the notion that p53 mutations appear early in the development of 
skin cancer (Ren et al., 1996a). This gradual progression through defined 
morphological stages into a tumor provides an excellent model for genetic 
archaeology. AK is a common cutaneous tumor occurring in sun-exposed 
areas. Although it has been established that SCC found in sun-damaged skin 
arises from AK, very few cases of AK are believed to progress into SCC 
(Marks et al., 1986). AK often displays a high frequency of loss of 
heterozygosity (LOH) in chromosomes 9, 13 and 17 (Rehman et al., 1994). 
The incidence of p53 gene mutations in white patients affected by AK has 
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been found to be 75-80%. In SCC, mutations of the p53 tumor suppressor 
gene are also very common (Ren et al., 1997; Ren et al., 1996a; Ziegler et 
al., 1996). How the loss of a p53 function may lead to SCC is not fully 
understood. A mutation of p53 alone is not sufficient to fully induce 
malignancy. It has been shown that UV irradiation of p53 knock-out mice 
leads to a lower apoptotic response in the epidermis compared to mice with 
normal p53 function (Ziegler et al., 1994). This finding suggests that the skin 
displays a p53-dependent response to DNA damage that includes a program 
to abort precancerous cells. Taken together, the above considerations suggest 
a model in which UV irradiation creates conditions for selection of clonal 
expansion of p53 mutated cells by acting both as an initiator and a promoter. 
Although infrequently, invasive SCC, unlike BCC, metastasizes, most often 
to regional lymph nodes. 



21

PRESENT INVESTIGATION 

Aims of the investigation 
♦ To optimize and utilize a skin organ culture model in order to investigate 

repair kinetics and responses to UVR in human skin from different 
anatomical sites and to determine whether UV responses in vitro simulate 
those in vivo (Paper I) 

♦ To compare UV responses and effects of photoprotection in skin 
subjected to different amounts of previous sun exposure (buttock and 
forearm), within and between individuals (Paper II) 

♦ To investigate the mutagenic property of physiological doses of UVA1 
(Paper III)

♦ To investigate the age-related prevalence of epidermal p53 clones in 
normal facial skin from patients with BCC, SCC and benign melanocytic 
nevus (Paper IV)

♦ To analyze the frequency of p53 mutations in epidermal p53 clones and to 
compare mutation spectra in p53 clones adjacent to BCC and SCC (Paper 
V)
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MATERIALS AND METHODS 

Patients and skin samples 
To obtain good quality tissue material, a number of factors have to be kept in 
mind, such as sample selection, and fixation, preparation, handling and 
storing of the tissue. The tissue has to be correctly treated to be useful for 
histological and immunohistochemical analysis and for prevention of DNA 
degradation (Persson et al., 2000; Wester et al., 2000). 

Study I: Skin explants were taken from 23 healthy volunteers or patients, of 
both sexes and of ages ranging from 20 to 90 years. All subjects were 
Caucasians with skin type II or III (Fitzpatrick, 1988). Facial skin 
(chronically sun-exposed) from eight patients were used for optimization of 
the organ culture model and was not included in the study of DNA repair 
kinetics and the epidermal response to UV irradiation. Breast skin (non-sun-
exposed) from ten female patients (five <30 years of age, group A, and four 
>60 years of age, group B) and facial skin (chronically sun-exposed ) from 
two female and three male patients ( >60 years of age, group C) was used for 
the study of DNA repair kinetics and the epidermal response to UV 
irradiation.

Study II: Six healthy volunteers (V1-V6, two men and four women, age 
47-75 years) entered the study. All of them were of Caucasian origin, two 
with skin type II and four with skin type III. All six volunteers took part in 
two experiments, which included exposure to artificial UV irradiation and 
natural sun exposure during six summer weeks in Sweden. Forearm skin 
(chronically sun-exposed) and buttock skin (non-sun-exposed) from these 
volunteers were investigated in this study. 

Study III: Three healthy volunteers participated in the study. They were of 
Caucasian origin with skin type II-III. Buttock skin from the three subjects 
was used in the study. 
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Study IV: Normal skin adjacent to benign melanocytic nevus (group A), 
BCC (group B) and SCC (group C) was investigated in this study. Ten cases 
from each of four different age groups 1-4 (ages 20-39, 40-59, 60-79 and 80- 
years respectively) were selected within each diagnostic group (A, B and C). 
All samples were from facial skin, i.e., skin frequently exposed to the sun. 
Skin cancer is rare in younger persons, and thus it was not possible to obtain 
ten cases in age group 1 (20-39 years). Totally, 112 biopsy specimens from 
120 possible cases were included in the study. 

Study V: A total of 59 samples consisting of normal skin adjacent to BCC 
(7 males, 3 females; age 68.3 + 12.7) and SCC (5 males, 5 females; age 76.0 
+ 8.3) were analyzed. All samples were from chronically sun-exposed sites. 
Of the 33 samples of skin adjacent to BCC, 23 samples consisted of p53 
clones and 10 samples were negatively stained normal epidermis. Of the 26 
samples of skin adjacent to SCC, 16 samples consisted of p53 clones and 10 
samples were negatively stained epidermis. 

Organ culture 
The skin was cut with a razor blade to create skin explants composed of 
epidermis supported by a thin rim of dermis. Skin explants were cut into 
pieces of approximately 3x3 mm and placed dermal side down on a 
membrane in contact with medium. The explants were thus cultured in an 
air-medium interface. The organ culture was performed in a humidified 
incubator containing 5 % CO2 and 95 % air. The explants were cultured 24 
hours prior to UV irradiation. After UV irradiation the skin explants were 
incubated at 37°C and harvested after 4, 24 and 48 hours. They were then 
fixed in buffered formalin for 1-2 days. Control skin was incubated under the 
same conditions as UV-irradiated skin. 

UV irradiation 
The UV source used in studies I and II was a SUPUVASUN 3000 device 
(Mutzhas, Germany) equipped with a sun filter emitting a broad band of 
UVB, UVA and near-infrared radiation. At an exposure distance of 50 cm 
the effect of UVB was 0.03 mW/cm2 and that of UVA was 65 mW/cm2. In 
study I,  the explants were UV-irradiated 24 hours after the start of culture. 
The explants received a UVB dose of 30 mJ/cm2 and a UVA dose of 63.75 
J/cm2 (16.5 min of UV irradiation). During the irradiation the culture plates 
were kept on ice to avoid overheating. In study II, artificial UV irradiation 
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was administered in the month of May and all volunteers received the same 
UV doses, 40 mJ/cm2 of UVB and 85 J/cm2 of UVA, on each treated area. 
Twenty-four hours after irradiation, 3 mm biopsy specimens were obtained 
under local anesthesia from forearm and buttock. 

The UV source used in study III was a UVASUN 3000 lamp (Mutzhas, 
Germany) equipped with a UVA filter with an emission spectrum of 340 to 
400 nm and with a peak emission at 365 nm. At an exposure distance of 50 
cm the effect of UVA was 64 mW/cm2 as measured with a calibrated 
spectrophotometer (Optronic Mod. 742). An area of 40 cm2 on the buttock of 
each volunteer was exposed to 40 J/cm2 UVA1 three times a week for two 
weeks. Biopsy samples were taken before irradiation, immediately after the 
sixth (last) irradiation, and five days and eight weeks after completion of  
UVA1 irradiation, and were frozen in liquid nitrogen and kept at –80°C until 
used.

The dorsal forearm of the volunteers was exposed to natural sunlight 
during six summer weeks in Sweden (July – August). The UV dose from the 
sun was measured by polysulphone badges worn by the volunteers on their 
wrists. The UV dose was calculated at the Regional Medical Physics 
Department, Newcastle, UK by a conventional spectrophotometer at 330 nm. 
The total dose in each volunteer was expressed as standard erythema dose 
(SED) (Diffey et al., 1997). 

Photoprotection
In studies I and II, a topical sunscreen with an SPF of 15 containing both 
UVB and UVA absorbers was applied at a recommended dose of 2 mg/cm2

before administration of artificial UV irradiation (Spielmann et al., 1995). In 
study II, skin was also subjected to total protection prior to the artificial 
irradiation by attaching blue denim fabric (SPF 1700) to the skin. During the 
six weeks of natural sunlight the volunteers used photoprotection identical to 
that used during artificial irradiation, i.e. topical sunscreen with SPF 15 and 
blue denim fabric. They were instructed to apply the sunscreen ad libitum
every morning and the denim fabric was changed twice to four times a week. 

Immunohistochemistry
In studies I, II and IV, paraffin blocks containing formalin-fixed skin tissue 
were cut into 4 µm thick sections. The avidin-biotin-coupled 
immunoperoxidase staining method was used: Sections were deparaffinized 
in xylene and rehydrated in series of alcohol. The sections were microwaved 
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at 750 W for 2x5 min in 0.01 M citrate buffer (pH 6) for antigen retrieval. 
After 30 minutes of treatment with 0.3% hydrogen peroxide solution to 
exhaust endogenous peroxidase activity, slides were incubated with 1% 
bovine serum albumin (BSA) in phosphate-buffered saline (PBS) to block 
non-specific binding. The presence of p53 protein (studies I, II and IV), TT 
dimers (studies I and II) and proliferating cells (Ki-67 antigen) (studies I and 
II) in the epidermis was visualized by the use of primary antibodies DO-7 
(1:200, 30 min), KTM-53 (1:5000, 30 min) and MIB-1 (1:200). Biotinylated 
rabbit anti-mouse antibody (1:200, 30 min) was used as secondary antibody. 
The reaction was visualized by avidin/biotin complex with 0.006% hydrogen 
peroxide as a substrate and DAB as chromogen. Mayer’s hematoxylin was 
used for counter-staining. All reactions were performed at room temperature.  

In studies III and V, 16 µm consecutive sections were cut from the frozen 
tissue from all biopsy specimens included and 10-20 µL ethylenediamine-
tetraacetic acid (EDTA) (10 mM) was added on each section directly after 
cutting to inhibit nucleases. Sections were stored at –20oC prior to 
immunohistochemical staining. Expression of p53 was visualized by the 
avidin-biotin-coupled immunohistoperoxidase staining method as described 
above. All solutions used during the immunohistochemical staining 
procedure contained 10 mM EDTA. The immunostained slides were kept at 
–20°C prior to microdissection. 

Microdissection
In studies III and V the microdissection was carried out by the means of the 
PALM laser microscope system (P.A.L.M. GmbH Wolfratshausen, 
Germany), which uses a fine focused laser beam to isolate the cells of 
interest (Figure 6). In study III a micromanipulator was used to pick up the 
single isolated cell on the tip of a small glass capillary (Femtotips, 
Eppendorf). The tip of the capillary was then broken off against the bottom 
of a PCR tube containing 10 µL of PCR buffer (10 mM Tris-HCL (pH 8.3), 
50 mM KCl) and the samples were covered with 50 ul mineral oil. In study 
V the isolated clones of cells were picked up manually under a light 
microscope, using a small scalpel (Alcon Ophthalmic knife 15°). 
Microdissected cells were transferred to tubes containing 25 µL PCR buffer 
(10 mM Tris-HCL (pH 8.3), 50 mM KCl). The cells were incubated at 56°C, 
with lysis by addition of 2 µL freshly prepared proteinase K solution (20 
mg/ml, dissolved in re-distilled water), for 3 hours. 
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Figure 6. Schematic illustration of the different steps involved in genetic analysis of 
single cells (top left) and p53 clones (top right) from immunohistochemically 
stained tissue sections.  
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PCR and Sequencing 
PCR amplification was essentially performed as described by Berg et al., 
(Berg et al., 1995). In study III, primers for mitochondrial sequence were 
included in the multiplex PCR, yielding a specific sequence for each 
individual. Further, since there are approximately 1000 copies of 
mitochondrial DNA in each cell, compared to two copies of the p53 gene, 
this helps to distinguish with greater certainty between loss of the cell (no 
fragments amplified) and, in the case of amplification failure, degradation of 
the template (amplification only of mitochondrial DNA). Using the above 
method in study III, exons 4 to 11 of the human p53 gene together with the 
mitochondrial sequence for identification were amplified in a 
multiplex/nested fashion. The outer multiplex amplification was performed 
in one tube with a total of 18 primers, 16 located in intronic sequences 
flanking the eight exons (4-11) and two in mitochondrial DNA, for 30 
cycles. The first four cycles of the outer PCR consisted of a prolonged 
annealing and extension time to increase the amplification. The outer PCR 
was followed by inner region-specific amplifications for each of exons 4 to 
11 separately. The Pfu Turbo DNA polymerase was used in the outer 
amplification and in the inner amplification of exon 5, while AmpliTaq DNA 
polymerase was used in the remaining inner amplifications. 

In study V, exons 2 to 11 of the human p53 gene were amplified in a 
multiplex/nested fashion (figure 6). Outer multiplex amplification was 
performed in one tube with 12 primers located in intronic sequences flanking 
the six exons (4-9), and in a separate tube with six primers flanking the other 
four exons (2-3, 10 and 11). AmpliTaq DNA polymerase and AmpliTaq 
polymerase Stoffel Fragments were used in the outer PCR. The first four 
cycles in outer multiplex amplification of exons 4-9 and the first five cycles 
in the outer multiplex amplification of exons 2-3,10 and 11 consisted of a 
prolonged annealing and extension time to increase the amplification. Inner 
region-specific amplifications for exons 2-11 were performed as described 
above. Three negative controls (no cell lysate) were included for each set of 
10 samples.  

For the sequence analysis the Big Dye Terminator Cycle Sequencing kit 
was used. The DNA sequence was then determined by direct sequencing on 
the ABI 377 DNA sequencer (Perkin-Elmer). The sequences were compared 
with wild-type p53 sequences and all alterations were confirmed by re-
sequencing, following a repeated inner PCR.
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RESULTS AND DISCUSSION

Epidermal UV responses (Papers I and II) 
One approach for scrutinizing the multi-step pathway of skin carcinogenesis 
could be to investigate the differences in epidermal responses to UV 
irradiation in non-sun-exposed skin, chronically sun-exposed skin and 
different stages/types of non-melanoma skin cancer. Chronically sun-
exposed skin is a relevant target tissue for skin cancer development and is 
probably the closest you can get to a tumor without being abnormal tissue. 
Such skin is difficult to obtain for in vivo experiments, since this type of skin 
is located in cosmetically sensitive areas. With the aim to investigate 
responses to UVR, with and without photoprotection, in skin subjected to 
different amounts of previous sun-exposure we optimized a skin organ 
culture model and performed experimental studies both in vitro (study I) and 
in vivo (study II).

Organ-cultured skin showed a normal histological structure for up to 5 
days. Skin from younger subjects retained normal histological features for 
longer time periods compared with skin obtained from older subjects. After 
6 hours in culture, an increased number of p53- and Ki-67-immunoreactive 
cells was observed in skin explants. The elevated number returned to a 
normal level after 24 hours. This was interpreted as secondary effects of 
cytotoxic stress e.g. hypoxia due to devitalization, transport in medium, 
shaving procedure, etc. Changes in the cellular microenvironment leading to 
hypoxia are known to induce p53 protein in the center of malignant tumors 
(Kinzler and Vogelstein, 1996). To avoid this effect of cytotoxic stress, skin 
explants were kept in culture 24 hours prior to UV irradiation. 

Increased proportions of p53-immunoreactive keratinocytes were 
observed in unprotected skin 4-24 hours after artificial UV irradiation (study 
I and II) (Figure 7d-f, 8a and b). The number of immunoreactive cells 
decreased by 21 % (mean) after 24 hours of incubation and 15 % (mean) of 
the residual p53-positive cells were still present after 48 hours (study I). The 
p53-immunoreactive keratinocytes remaining after 48 hours were mainly  
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Figure 7. Epidermal responses in organ-cultured skin after artificial UV irradiation. 
Graphs showing the formation and repair of TT dimers and induction of p53 after 
UV irradiation of skin explants from 14 patients. These explants were divided into 
groups (A-C). The left panel of the figure shows the percentage of TT dimer-
immunoreactive keratinocytes in non-sun-exposed skin from individuals <30 years 
of age (a) and >60 years of age (b) and in chronically sun-exposed skin (c). The 
right panel shows the induction of p53 in skin from corresponding groups of 
individuals (d, e, and f respectively). 
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found in the basal layer. It is possible that basal cells over-expressing p53 
protein represent cells that require more efficient DNA repair because of 
their undifferentiated state and proliferative potential. The proportion, 
induction and duration of p53 positive cells showed large interindividual 
differences. It has been reported that the p53 response exhibit wide 
interindividual variations (Ling et al., 2001b). In addition to these variations, 
we observed a more pronounced interindividual variation in chronically sun-
exposed skin than in non-sun-exposed skin (Figures 7d-f and 8). These 
variations were also observed within the same individuals (study II). The 
underlying mechanisms for topographical differences in cellular responses to 
UV exposure of skin are unknown and may be related to the amount of 
previous sun-exposure.  

Increased numbers of TT dimer-immunoreactive keratinocytes were 
observed in skin explants 4 hours after UV irradiation (Figure 6a-c). The 
proportion of TT dimer-positive cells found after irradiation varied between 
27% and 98%. The interindividual variations in formation of DNA damage 
is in line with previous findings in human skin after UVR (Bykov et al., 
1998a; Ling et al., 2001b). Gradual repair during the incubation period 
resulted in only a few residual TT dimers after 48 hours. Differences in 
repair of TT dimers between individuals were found, as well as differences 
in repair efficiency in the different skin groups. The repair seemed to be 
more efficient in chronically sun-exposed skin than in non-sun-exposed skin. 
This is well in agreement with findings in study II, where a significantly 
smaller proportion of TT dimer-positive keratinocytes were found in forearm 
skin (mean 17%) (p<0.03) than in buttock skin (mean=32%) 24 hours after 
artificial UV irradiation (Figure 9). The smaller proportion of TT dimer-
immunoreactive cells found in chronically sun-exposed skin after the UV 
irradiation might reflect differences in the repair of UV-induced DNA 
damage as well as in p53 induction between skin areas with a different 
history of previous sun exposure. Skin areas subjected to chronic sun 
exposure may display an earlier or stronger p53 response, resulting in more 
efficient repair of DNA damage. Gilchrest & Eller (1999) propose that 
excised DNA fragments or DNA repair intermediates trigger melanogenesis 
(Gilchrest and Eller, 1999). Is it possible that repair mechanisms are primed 
for faster repair after chronic exposure, analogously to the faster induction of 
melanin synthesis in previously exposed skin? Chronically sun-exposed skin 
may thus share certain characteristics with darker skin types. In that case, 
our finding of a smaller number of TT dimer-immunoreactive cells in 
forearm skin is in line with the conclusion drawn by Sheenan et al (2002), 
i.e., that TT dimer repair is more efficient in skin type IV than in skin type II 
(Sheehan et al., 2002). The lower level of UV-induced DNA damage may 
also be due to greater melanin pigmentation and skin thickness.  
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Figure 8. p53-immunoreactive keratinocytes in non-sun-exposed (a) and chronically 
sun-exposed (b) skin with different degrees of photoprotection 24 hours after 
artificial UV irradiation. P53-immunoreactive cells in chronically sun-exposed skin 
with different degrees of photoprotection after 6 summer weeks of sun exposure in 
Sweden (c).also be due to greater melanin pigmentation and skin thickness.  
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Figure 9. TT dimer-immunoreactive keratinocytes in unprotected chronically sun-
exposed skin and in non-sun-exposed skin 24 hours after artificial UV irradiation. 

The possibility of differences related to gender, age or anatomical site cannot 
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were no clear effects of age or gender on DNA repair (Xu et al., 2000). Cells 
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addition, the gradient of TT dimer in cells seen after UV irradiation may also 
be influenced by DNA repair as proposed by Muramatsu et al. (Muramatsu 
et al., 1992). Perhaps there is a difference in repair kinetics coupled to 
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vitro and in vivo could be that sunscreen may not be absorbed and 
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addition, application of different amounts of sunscreen could be another 
explanation. It has previously been shown that only 20-50% of the 
recommended dose is applied in a real life situations (Wulf et al., 1997). 
However, this does not explain the difference observed between sunscreen-
treated forearm and buttock skin after artificial UV irradiation (Figure 8a and 
b), as we applied a controlled amount of sunscreen. The total UV dose 
received from 6 weeks of natural sun exposure was significantly correlated 
to the proportion of p53-immunoreactive cells. We found no increase in 
number of TT dimer-immunoreactive cells after 6 weeks of natural sun 
exposure in Sweden. This was probably due to the fact that the final days 
were cloudy, allowing time for repair of the TT dimers.  

In conclusion, our results have demonstrated inter- and intraindividual 
variability in epidermal responses to UV-induced DNA damage including 
differences between chronically sun-exposed and non-sun-exposed skin. 
Repair of UV-induced DNA damage appears to be more efficient in 
chronically sun-exposed skin despite a less homogeneous epidermal p53 
response compared to that in non-sun-exposed skin. Perhaps keratinocytes of 
skin that has been frequently exposed to the sun are prone to react more 
easily to cytotoxic stress. We have also shown that a well-defined system for 
in vitro culture of explanted skin provides an excellent alternative to in vivo
experiments. 

p53 mutations induced by UVA1 (Paper III) 
Ultraviolet B has been considered to be the main cause of skin cancer, 
however there are several reasons why investigation of UVA is also 
important. Of the UV radiation from the sun reaching the earth, 
approximately 95% is UVA, and UVA irradiation is used in treatment of 
skin diseases such as atopic dermatitis and scleroderma, as well as for 
cosmetic tanning (sun beds). In study III we investigated the p53 gene status 
of dispersed p53 immunoreactive keratinocytes found in the epidermis of 
three volunteers after repeated physiological doses of UVA1 (40 J/cm2). We 
observed an increase in p53-positive cells in biopsy samples taken directly 
after the last UVA1 exposure, compared to control biopsies. The increase in 
p53 expression persisted for at least 5 days and had returned to a normal 
level at 8 weeks. Like UVB radiation, UVA exposure is known to result in 
an increase in p53 protein in normal epidermis (Burren et al., 1998; 
Campbell et al., 1993). The increase in p53-immunoreactive keratinocytes 
found directly after the last exposure can be explained as a transient 
response, while the persistence of p53 immunoreactivity can be interpreted 
as a sign of persistent DNA damage. Persistent p53-immunoreactive cells 
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after suberythemal doses of UVA1 has previously been demonstrated in skin 
(Edstrom et al., 2001). Mutation analysis of p53 exons 4 to 11 of the 
immunoreactive keratinocytes before UV1-exposure (control), directly after 
the last exposure and 5 days after the last exposure was performed. 
Amplification failed in 14/30 and 9/30 keratinocytes taken on the last two 
occasions, respectively. In the remaining keratinocytes taken directly after 
the last exposure (16 cells), 65 exons were amplified, whereas in the 
remaining cells taken 5 days after the last exposure (21 cells), 98 exons were 
amplified. Among 35 control (before UV1-exposure) cells, the amplification 
succeeded in 22 cells and resulted in 98 exons amplified. Totally, 26,000 bp 
from UVA1-exposed cells and 15,900 bp from non-exposed cells (control) 
were analyzed. Three mutations, all G to T transversions, were found in 
biopsy samples from UV1-exposed skin, while no mutations were observed 
in the 22 p53-immunoreactive cells taken from non-exposed skin (control). It 
has previously been reported that G to T transversions can arise from 
guanine-specific DNA damage (Cheng et al., 1992). DNA damage from 
UVA is mainly the result of an indirect reaction through excitations of a 
singlet oxygen, which further reacts with guanine and generates mutagenic 
lesions (Douki et al., 1999; Kvam and Tyrrell, 1997). One mutation was 
found in the coding sequence of exon 7 and two of the mutations were found 
within intron sequences. Out of these three mutations, two were found in 
biopsy samples 5 days after the final exposure, supporting the theory of 
persistence of p53 immunoreactivity due to persistent DNA damage. The 
observed reduction of immunoreactivity 8 weeks after the final exposure 
could be explained by skin shedding. The mutated cells detected may have 
been desquamated, unless these cells had stem cell properties.  

The mutation rate was calculated and was found to be on average 1 
mutation per 8,700 bases. This rate is more than 10,000 times higher than 
estimated values for spontaneous mutations. In another study of p53-
immunoreactive cells in sun-exposed skin (Ling et al., 2001c), the frequency 
found for the type of mutations due to oxidative damage, representing UVA 
mutation load from normal sun-exposure, correlates with our findings in this 
study.  

We conclude that even low doses of UVA can give rise to a multitude of 
mutations, and the role of UVA should therefore not be disregarded in 
malignant skin tumors. 

Prevalence of epidermal p53 clones (Paper IV) 
Skin cancer develops from epidermal cells through a complex sequence of 
events initiated by UV radiation. Epidermal p53 clones have been reported 
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to be associated with various types of skin cancer, e.g. BCC and SCC, and 
may well represent an early step in carcinogenesis. One approach to obtain 
deeper knowledge about p53 clones is to investigate the prevalence and size 
of p53 clones in skin previously exposed to different amounts of sunlight. 
Since we are all exposed to the sunlight to some extent every day through 
life, the use of facial (frequently sun-exposed) skin from patients of different 
ages will represent skin exposed to different amounts of sunlight. In study IV 
we determined the frequency and size of p53 clones with respect to age 
distribution in normal facial skin around benign melanocytic nevus (group 
A), BCC (group B) and SCC (group C). In total, 128 epidermal p53 clones 
were found in 1353 mm of normal skin. The mean size of the p53 clones was 
0.59+2.41 (mm+SD). The frequency and the size of the p53 clones varied in 
the different age groups and depended on the type of adjacent tumor. In all 
groups (A, B and C), the frequency and size of p53 clones increased with 
age up to age group 3 (60 to 80 years) (Figure 10a and b). The increase was 
mainly represented of p53 clones in skin adjacent to SCC. It has previously 
been reported that the size and frequency of p53 clones are independent of 
age, however, this discrepancy between the results might partly be due to the 
fact that relatively few cases (17 epidermal p53 clones) of chronically sun-
exposed skin were included (Jonason et al., 1996). In a retrospective study 
the prevalence of p53 clones around BCC and SCC showed no increase with 
age, which may be explained by the fact that more than 75 % of the cases 
included in that study were represented by BCC (le Pelletier et al., 2001).  

If the development of p53 clones was due to UV-induced p53 mutations, 
one would expect an increased number of clones with increasing amount of 
sun exposure. The increase in clone size is in accordance with the concept of 
clonal expansion of cells resistant to UV-induced apoptosis (Zhang et al., 
2001). The development of sunburn cells has previously been shown to at 
least in part be dependent on normal p53 functions (Brash et al., 1991). 
Repeated exposure to the sun would thus lead to clonal expansion of cells 
with a mutated p53 gene. Surprisingly, the frequency and size of p53 clones 
showed a tendency to level off in skin from patients over 80 years of age 
(age group 4). One explanation for this could include an altered life-style, 
with less sun exposure in patients of the oldest age group. As a consequence 
of less sun-exposure, UV-induced apoptosis of keratinocytes would be 
reduced and the prerequisite for selective growth advantage of keratinocytes 
with p53 mutations would diminish. The size of the p53 clones did not 
increase with age, either in skin adjacent to BCC or in skin adjacent to 
benign melanocytic nevi. In contrast, skin adjacent to SCC showed a 
significant increase in clone size between age groups 2 and 3. There was no 
statistically significant difference in the number or size of p53 clones 
between skin adjacent to melanocytic nevi and skin adjacent to BCC. 
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Epidermal p53 clones adjacent to SCC were significantly more frequent 
(p=0.02) and larger in size (p=0.01) than those in the other two groups 
(Figure 10c and d). These findings indicate an association between 
epidermal p53 clones and SCC. Studies in mice have shown an association 
between the density of p53 positive foci in mouse epidermis and skin cancer 
(Rebel et al., 2001). Cumulative sun exposure has been established as a 
major risk factor for the development of actinic keratosis and SCC, and it is 
well accepted that some cases of actinic keratosis can progress to SCC. In 
previous studies, mutation analysis of p53 clones have shown that p53 gene 
mutations are frequent and display a typical UV signature (Jonason et al., 
1996). Mutation analysis of different stages leading to skin cancer as well as 
the final tumor has revealed p53 mutations as a genetic link between 
precancers and invasive cancers (Ren et al., 1996a). The mutations found in 
analyzed tumors also displayed a typical UV signature. Previously reported 
results and our observations of an increased number and larger sizes of p53  

Figure 10. Number and size of epidermal p53 clones in normal epidermis. Mean 
values + SD for all diagnostic groups combined are presented for number of p53 
clones per mm epidermis (a) and size of epidermal p53 clones (mm) (b) related to 
age. The bars in represent the different age groups. Mean values + SD for all age 
groups combined are presented for number of p53 clones per mm epidermis (a) and 
size of epidermal p53 clones (b) in each diagnostic group. The bars represent the 
different diagnostic groups: melanocytic nevi (nevi); basal cell carcinoma (BCC); 
squamous cell carcinoma (SCC).  



37

clones in the vicinity of SCC suggest that p53 clones may represent an initial 
step in the development of SCC. In contrast, in a previous study LOH was 
found in thepatched gene locus in 30 % of analyzed p53 clones (Tabata et 
al., 1999). The patched gene is commonly mutated or deleted in BCC, 
suggesting a relationship between epidermal p53 clones and BCC. However, 
we found only a small number of p53 clones in the vicinity of BCC and there 
were no significant differences between the group with BCC and that with 
melanocytic nevi regarding the number and size of p53 clones. Although the 
density of p53 clones was significantly lower in normal skin adjacent to 
BCC than in normal skin adjacent to SCC, the possibility that p53 clones are 
forerunners of BCC cannot be ruled out.  

The age-dependent increase in size and prevalence of epidermal p53 
clones found is consistent with the effect of cumulative sun exposure and 
also mirrors the increased incidence of skin cancer with age. Together with 
the finding of an increased frequency and size of p53 clones adjacent to 
SCC, we suggest that epidermal p53 clones may represent a step prior to 
actinic keratosis in the development of SCC. 

Mutation analysis of epidermal p53 clones (Paper V) 
Foci of normal epidermal keratinocytes overexpressing p53 protein are 
frequently found in chronically sun-exposed skin. Previous studies have 
suggested that such foci comprise expanding clones of p53 mutated 
keratinocytes (Zhang et al., 2001). Combined data from previous studies 
show that at least 30 % of p53 clones lack mutations in p53 exons 4 to 9. In 
this study we extended sequencing to include the entire coding region of the 
p53 gene (p53 exons 2-11) with the aim of determine the prevalence of p53 
mutations in epidermal p53 clones. Meticulous laser-assisted micro-
dissection was performed to ensure a microscopically defined template for 
mutational analysis (Figure 6).  

A total of 59 microdissected samples from chronically sun-exposed skin 
were analyzed for mutations in exons 2 to 11 of the p53 gene. Mutations 
were detected in 21 (57 %) of 37 analyzed epidermal p53 clones, introducing 
a concept that epidermal p53 clones can exist without an underlying p53 
gene mutation. Nineteen p53 clones contained keratinocytes with a single 
point mutation and the remaining two clones each harbored two different 
mutations. No mutations were found in control samples (normal p53-
negative epidermis). Identified mutations were found in exons 4-8. The lack 
of mutations in p53 exons 2-3 and 9-11 is striking and suggests that 
alterations corresponding to these regions of the p53 protein fail to provide a 
selective growth advantage. Although there are reports of mutations in these 
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regions, our findings suggest that it might be sufficient to include only p53 
exons 4-9 when screening for p53 mutations in keratinocyte derived lesions. 
Of 23 mutations found, all were located in the sequence-specific DNA 
binding domain and 19 were situated in evolutionarily conserved regions of 
the p53 gene (Figure 11). Surprisingly we did not find any mutations directly 
affecting regions of the p53 protein reported to be implicated in p53-
dependent apoptosis (Sakamuro et al., 1997). All mutations were 
heterozygous missense mutations, most often clustered around hotspot 
residues of the p53 gene. The consequence of these mutations may well be a 
prerequisite for clonal expansion of keratinocytes at higher risk for 
malignant transformation. The majority of mutations (78 %) were C to T or 
CC to TT transitions at pyrimidinic sites, which are typical UV-induced 
mutations. 
Figure 11. Schematic illustration of the p53 protein with its exons 2-11. 

Purple big boxes indicate the five regions that are conserved across species 
(Hollstein et al., 1991). Ten hotspots (mutations with a higher frequency 
superior to 2% of all mutations) in BCC and SCC (IARC Tp53 mutation 
Database R7 version, September 2002) are pointed out with approximate 
position. Upper and lower part of picture shows the mutations and their 
approximate codon positions found in p53 clones surrounding BCC and 
SCC, respectively. The different colors of the bars demonstrate the numbers 
of mutations found at each codon residue: green = 1 mutation, blue = 2 
mutations and black = 3 mutations. 
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Although no genetic link has been found between epidermal p53 clones 
and different types of skin cancer, several lines of experiments suggest an 
association between the prevalence of p53 clones and the risk for developing 
skin cancer. An attractive model includes epidermal p53 clones as 
forerunners to actinic keratosis and subsequent development of SCC (Brash 
and Ponten, 1998). Our earlier findings of more numerous and larger p53 
clones in normal skin surrounding SCC compared to normal skin adjacent to 
BCC and benign melanocytic nevi are consistent with a role in SCC 
development (study IV). However, when the mutation spectra in the p53 
clones surrounding BCC were compared with the p53 clones surrounding 
SCC in this study, no clear differences were noted. 

In all patients codon 72 genotypes were represented as 60 % Arg/Arg, 
40% Arg/Pro and 0% Pro/Pro. Earlier studies have indicated a role for p53 
codon 72 haplotypes and suggested that the Arg allele conveys an increased 
risk for skin cancer (McGregor et al., 2002). In our patients we found 
dominance of the Arg allele, i.e., 80% (32/40), compared to the expected 
ratio of 70% Arg alleles found in the normal Swedish population 
(Gustafsson et al., 2001; Själander et al., 1995). The possible role of 
different codon 72 alleles as risk factors for skin cancer development 
remains unclear. 

Our study of mutations in epidermal p53 clones has illuminated the 
discrepancy between p53 immunoreactivity and underlying gene mutations 
and has also provided an insight into p53 mutation spectra in normal human 
skin. The more precise nature and potential biological role of epidermal p53 
clones remain unraveled and a challenge for future research. 
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CONCLUSIONS

♦ Differences between chronically sun-exposed and non-sun-exposed skin 
regarding UV responses were observed. A more pronounced and 
heterogeneous p53 response as well as an enhanced repair of UV-
induced TT dimers in chronically sun-exposed skin was found, which 
may depend on amount of previous sun exposure. Such differences in 
epidermal UV responses between body sites may have important 
clinical implications, such as in the choice of skin area for SPF-testing.  

♦ After repeated UVA1 exposure of human skin, p53 mutations, 
indicative of oxidative damage most likely induced by UVA1, were 
detected. This shows that even low doses of UVA can give rise to a 
multitude of mutations randomly across the genome, and therefore the 
role of UVA should not be disregarded as a role in photocarcinogenesis. 

♦ The prevalence of epidermal p53 clones was shown to increase with age 
up to 80 years. This increase is interpreted to be related to lifetime sun 
exposure. The p53 clones in normal skin surrounding SCC were 
significantly more frequent and larger in size than those in skin 
surrounding BCC or melanocytic nevus, indicating an association 
between p53 clones and SCC.  

♦ Mutation analysis of the entire coding region of the p53 gene showed 
that 57 % of p53 clones in skin adjacent to BCC and SCC have a 
mutated p53 gene. The majority of the mutations displayed a typical 
UV signature. In addition, the mutation spectra observed in epidermal 
p53 clones resembled that of NMSC, supporting the hypothesis that the 
p53 clone may represent a forerunner of NMSC. 
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