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ABSTRACT
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Mutation of the p53 gene appears to be an early event in skin cancer development.
The present study is based on morphology and represents a cellular and genetic
investigation of p53 alterations in normal human skin and basal cell cancer.

Using double immunofluorescent labelling, we have demonstrated an increase in
thymine dimers and p53 protein expression in the same keratinocytes following
ultraviolet radiation. Large inter-individual differences in the kinetics of thymine
dimer repair and subsequent epidermal p53 response were evident in both sunscreen-
protected and non-protected skin. The formation of thymine dimers and the epidermal
pS53 response were partially blocked by topical sunscreen. We have optimized a
method to analyze the p53 gene in single cells from frozen tissue sections. In
chronically sun-exposed skin there exist clusters of p53 immunoreactive keratinocytes
(p53 clones) in addition to scattered p53 immunoreactive cells. Laser assisted
microdissection was used to retrieve single keratinocytes from immunostained tissue
sections, single cells were amplified and the p53 gene was sequenced. We have
shown that p53 mutations are prevalent in normal skin. Furthermore, we detected an
epidermal p53 clone which had prevailed despite two months of total protection from
ultraviolet light. Loss of heterozygosity in the PTCH and p53 loci as well as in the
sequenced p53 gene was determined in basal cell cancer from sporadic cases and in
patients with Gorlin syndrome. Allelic loss in the PTCH region was prominent in both
sporadic and hereditary tumors, while loss of heterozygosity in the p53 locus was rare
in both groups. p53 mutations found in the hereditary tumors differed from the typical
mutations found in sporadic cases. In addition, we found genetically linked subclones
with partially different p53 and/or PTCH genotypes in individual tumors. Our data
show that both genes are important in the development of basal cell cancer.
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Background

Introduction

Cancer arises from a cell that escapes normal growth regulation through a
multistep process, involving activation of growth promoting oncogenes and
inactivation of tumor suppressor genes.
As proposed by Hanahan (Hanahan
and Weinberg, 2000), virtually all

malignant transformation of cells is

through the acquisition of the same six v

iy i '. ‘J‘
capabilities (Fig.1). These are 1) self- '
sufficiency in growth signals, e.g. by Y

activation of ras

i)

insensitivity to anti-growth signals, e.g.

oncogence;

by loss of RB and p53 tumor
suppressor gene functions; ii1) evading

apoptosis, e.g. by producing IGF

survival factors and inactivation of p53
gene; 1v) limitless replicative potential,

e.g. by turning on telomerase;

Fig.1 Acquired Capabilities of Cancer.

Reprinted from Cell, vol.100, by Hanahan D
and Weinberg RB, The Hallmark of Cancer,
57-70, ©2000, with permission from Elsevier.

v) sustained angiogenesis, €.g. by producing VEGF inducer; vi) tissue invasion
and metastasis, e.g. by inactivation E-cadherin. Albeit through various means,
the order in which these capabilities acquired varies according to cancer types
and subtypes. In certain tumors, one particular genetic change may confer
several capabilities simultaneously, leading to fewer mutational steps in
tumorigenesis. One example is the loss of p53 function which facilitates
angiogenesis and resistance to apoptosis as well as contributes to the

establishment of genomic instability.

Individuals with alterations in genes that maintain the integrity of genome are

more prone to develop cancer, such as XP in xeroderma pigmentosum, p16 in



familial melanoma and p53 in Li-Fraumeni syndrome (Kinzler and Vogelstein,
1997). Other factors that may also influence the appearance of cancers are host
characteristics, such as decreased immunological responses, level of
antioxidant defenses and viruses infections (Yoshikawa et al., 1990) (Nishigori

et al., 1996).

The multiple genetic hits model 1is well accepted in skin carcinogenesis.
Animal experiments showed a two-step carcinogenesis model using ultraviolet
radiation (UVR) and chemical compounds in mouse skin indicating that UVR
is an initiator and promoting agent (Epstein and Roth, 1968). Clinical
observations have established empirically that non-melanoma skin cancer is
directly related to UVR. More has been known in molecular level the effects of
UVR along the way from benign lesion to the malignant transformation. UVR
is not only an initiator, but also a promoter and selective pressure in non-
melanoma skin cancer development. This is best illustrated in the
carcinogenesis of SCC in human skin. UVR acts as a mutagen, and also a
promoter that drives clonal expansion resulting in precancerous lesions, e,g.
actinic keratosis. As a result of continued exposure to UVR, these unstable
clones accumulate genetic instability such as the mutation of the second allele
of the p53 gene or loss of wide type allele, and eventually lead to SCC (Ziegler
et al., 1994). Thus the mouse carcinogenesis model is converging with the

human multiple genetic hit model.

Attempts are currently underway to scrutinize genetic events in the early stage
of skin carcinogenesis. Non-melanoma skin cancer, basal cell cancer (BCC)
and SCC, together with the sun-damaged skin as well as p53 clones as potential
precursors of BCC, provide an excellent model in the studying of skin
carcinogenesis. They are easily detected, diagnosed and sampled. The
displayed characteristic mutations caused by a known carcinogen (UVR),
serves as a molecular tracer in skin carcinogenesis. In addition, BCCs also

occur at early age in patients with a known germline deficiency (Gorlin



syndrome). Alterations in PTCH and the hedgehog pathway are underlying
events for BCC tumorigenesis. In addition, the p53 tumor suppressor gene is
the most frequently mutated gene in all human cancers, and appears to be an
early event in non-melanoma skin cancer development. The transient
accumulation of p53 protein leads to cell cycle arrest, allowing time for cells to
repair the damage. If DNA damage is too severe and p53 accumulation is
sustained, the cell is thought to undergo apoptosis. Our knowledge regarding
the p53 gene makes it one of the best-understood pathways for revealing how a

cell acquires a mutation and how that mutation leads to cancer.

Human skin

The skin consists of a multi-layered epidermis overlying dermis in conjunction
with subcutaneous tissues (Fig.2). Keratinocytes undergo a continuous process
of proliferation, differentiation and apoptosis. In this life long self-renewing
process, quiescent stem cells are triggered to produce transiently amplifying
cells, which then give rise to early stages of differentiation followed by
terminal differentiation and death. This process is responsible for maintaining
the proper epidermal thickness and barrier function of stratified epithelium.
Cellular transitions take place within a few cell layers each month over a life

span of several decades.

- cornified layer
- granular layer

- spinous layer

Dermis - basal layer

Fig.2. Schematic drawing illustrates different layers of human skin. By

courtesy of Helena Backvall.



The epidermis is proposed as comprising by proliferative units (clones),
columns of keratinocytes overlaying 10 basal cells in which epidermal stem
cells are responsible for maintenance (Potten, 1974). A recent study in our
group showed that normal human skin is composed of mosaic pattern sizing
from 20-350 basal cells, with either the maternal or paternal X-chromosome
inactivated. The data suggest that an epidermal clone is less than 35 basal cells

in diameter (Asplund et al., 2001).

The epidermal stem cells reside in the basal layer of the epidermis and are
slow-cycling cells, which express high levels of cell surface integrins, such as
B1, a6PB4 (Kaur and Li, 2000) (Jensen et al., 1999) and have the ability to
rapidly adhere to type IV collagen and fibronectin (Fuchs and Segre, 2000).
Epidermal stem cells accumulate [3-catenin, upon external signals, such as
activated Wnt signal pathways (Nusse, 1999). B-catenin is a protein that
normally interacts with E-cadherin to promote intercellular adhesion.
Excessive [B-catenin is responsible for the activation of downstream target
genes, such as c-myc and cyclin DI and leading to cell proliferation and
subsequent cell differentiation (He et al., 1998); (Tetsu and McCormick, 1999).
In addition to stem cells, there are transient amplifying cells and terminal
differentiating cells. Transient amplifying cells are daughters of stem cells that
undergo a finite number of divisions. Terminal differentiating cells are the
progeny of transient amplifying cells that are destined to move upwards from
the basal layer. A process involves morphological and biochemical changes
including the synthesis of the differentiation specific keratins K1, K10 as well

as the downregulation of integrins (Fuchs, 1990) (Fig. 3).

The epidermis is contiguous with the outer root sheath of the hair follicle. Hair
follicles are constantly renewing, proceeding from phase of growth (anagen),
through regression (catagen) to a rest stage (telogen). The shift of phases
during the hair cycle involves a series of morphological and biological changes

as well as epithelial and mesenchymal interactions (Paus et al., 1999). Recent
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studies in mice showed that stem cells in the bulge area of the hair follicle can
give rise not only to the hair follicle but also to epidermis (Taylor et al., 2000);
(Oshima et al., 2001). It is proposed that the bulge area of the hair follicle
contains the ultimate stem cells of the epidermis/hair follicle system. The
progeny of hair follicular stem cells undergo two independent pathways of cell
migration and specialization: moving upwards in the long term maintenance of
the epidermis, or downwards during the anagen of each hair cycle that give rise
to the lower part of a new hair follicle (Taylor, et al., 2000). Morphological

observations suggest a close relationship between BCC and hair follicle.

dim dim
s Bi
[B—catanin **

oo P
B—catanin **

K14* K10*+

K14* K10*

PMD-1

KSC TA

o™ Bract bri

oL Biact b \lOPri Biact bri

[3— catanin * *
B-catanin + |B—catanin **

K14+ K10+

K14*++ K100

K14* * K10

v

Differentiation

Fig.3 Expression of adhesive molecules during cell maturation.

The pS3 gene

Introduction

The p53 gene is located on the short arm of chromosome 17 (Benchimol et al.,
1985), 1s 20kb long and has 11 exons. The gene encodes a 53 KD nuclear
phosphoprotein consisting of 393 amino acids. It was discovered first as a

tumor antigen due to its ability to bind to the SV40 oncogene product large T
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antigen. Then it was defined as an oncogene by virtue of its ability to transform
cells and bind to viral oncoproteins. Subsequent studies clearly established that
wild-type p53 acts as tumor suppressor gene rather than an oncogene (May and

May, 1999).

Normal p53 functions

p53 protein can function as a transcriptional factor. It has been divided
structurally and functionally into four domains, the transactivation domain, the
sequence-specific DNA-binding domain, the oligomerization domain and the

regulatory domain.

The first 42 amino acids at the N-terminus constitute a transcriptional
activation domain that positively regulates gene expression. The adenovirus
E1B-protein, MDM2 protein and hepatitis B virus X protein, negatively
regulate the transactivation activity of the p53 gene (Yew and Berk, 1992);
(Oliner et al., 1993); (Levine, 1997). The N-terminal region also contains a
proline-rich region (amino acids 63-97) which is required for p53-mediated
apoptosis (Sakamuro et al., 1997). A polymorphism at codon 72 resulting either
in a proline or an arginine (p53 A) is thus of high interest. It has been reported
that individuals homozygous for p53 A are more susceptible to human
papillomavirus-associated tumorigenesis than heterozygotes due to the fact that
p53 Arginine is more susceptible to E6-mediated degradation (Storey et al.,

1998).
The sequence-specific DNA-binding domain of p53 is localized between amino
acid residues 102 and 292, containing four conserved regions II-V. 80-90% of

missense mutations reside in this central part.

In the C-terminal region, between amino acids 323 and 356, is the

oligomerization domain. p53 forms a tetramer through this domain. The fourth
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domain is a regulatory domain, between amino acids 363 and 393, and acts as a

negative regulator of p53 sequence-specific binding (Selivanova et al., 1997).

p33 and the cellular response to DNA damage

p53 can be activated by several different types of DNA damage, including
double-strand breaks and single strand breaks by y-irradiation, cyclobutane
pyrimidine dimers (CPDs) by UVR and chemicals. Following DNA damage,

p53 protein rapidly accumulates and exerts various functions (Fig.4).

Different types of DNA damage are recognized by different cellular proteins
and by p53 itself. It has been demonstrated that p53 binds strongly to strand
breaks by its C-terminal domain (Nelson and Kastan, 1994). Two pathways
exist for p53 to exert its function on the cellular level. One is termed the
"guardian of the genome", which the increased p53 protein after DNA damage
leads to cell-cycle arrest in G1 and allows more time for DNA repair. Another
function is termed "cellular proofreading", in this pathway, induction of p53
leads to apoptosis (Fisher, 1994). One example is the "sunburn cells" in
epidermis representing apoptotic keratinocytes following overexposure to

UVR.

In response to DNA damage, p53 is activated and turns on p21, a critical
mediator of the p53-mediated G1 arrest response (El-Deiry et al., 1993). p21
binds to a number of cyclin and Cdk complexes. Elevated p21 inhibits the
cyclin D1-Cdk4 complex leading to subsequent accumulation of the
unphosphorylated form of RB, which in turn binds E2F resulting in cell arrest
in G1 before the damage propagates in the S phase. p21 can also form a
complex with PCNA which blocks PCNA as a DNA polymerase in DNA
replication, thus p21 exerts its effects on cyclin-Cdk complexes and PCNA to
stop DNA replication but not DNA repair.

13



A p21-independent pathway that contributes to p53-mediated G1 arrest is the
overexpression of the gadd45 after certain types of DNA damage. Although the
precise mechanism is unclear, GADD45 also binds to PCNA and plays a
backup role for p21.
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# DNA damage |
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Apoptosis DNA repair

Fig.4 p53 network.

p53 up-regulates the mdm?2 gene which in turn inhibits the transcriptional
activity of the p53 gene. MDM2 regulates p53 levels in the cell by inducing
rapid degradation of p53 protein, thus implying a negative feedback loop
between MDM2 and p53. p53 is also implicated as part of the G2/M check

point preventing premature entry to S phase.

When DNA damage is severe, cellular survival factors are limiting, or an
activated oncogene is forcing the cell into a replicative cycle, the apoptotic
pathway prevails. Two genes are involved in initiating this apoptotic pathway:

bax and IGF-BP3 (Miyashita and Reed, 1995) (Buckbinder et al., 1995).
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Two additional members of the p53 family, p73 and p51, share substantial
sequence homology with p53 (Kaghad et al., 1997). Overexpression of p73 and
pS1 can activate transcription from p53-responsive promoters and induce
apoptosis in a p53-like manner, irrespective of the p53 status.(Osada et al.,
1998). Unlike p53, p73 is not induced by DNA damage caused by
dactinomycin and UVR (Kaghad, et al., 1997). Expression of p73 can lead to a
decrease in the level of p53, possibly through the increased activity of MDM?2-
mediated proteolysis (Wang et al., 2001).

p33 mutations and cancer

p53 has been proposed as the "guardian of the genome" (Lane, 1992). p53 is
by far the most frequently mutated gene in all human cancers. Mutations are
mostly found in DNA binding domains. Most of them are found in hot spots,
clustering around codon 173-179, 235-250, and 273-278 (van Kranen and de
Gruijjl, 1999); (Wikonkal and Brash, 1999). Individuals who carry a germ-line
p53 mutation, the Li-Fraumeni syndrome, are predisposed to cancer. In
contrast to the combination of a point mutation at a CpG site and LOH that are
common in internal cancer. Two or more point mutations are often found in
basal cell cancer, which often happen at dipyrimidine sites and the majority of
the mutations are C-> T transitions with typical UV signature. Eighty-five
percent of mutations are single base missense substitutions that produce an

altered p53 protein which is unable to bind to DNA of p53 responsive genes.

All mutations fall into two classes. Class I mutation which retain a wild-type
p53 conformation, affects residues that directly contact DNA(Ory et al., 1994).
Class II mutations affect residues that do not contact DNA directly. Those
mutations make extensive contact with other residues in the polypeptide and
have a strong stabilizing effect on the protein structure. The class two
mutations exert a dominant negative effect over the wild-type p53. Class 11
mutations are associated with a more severe phenotype in vitro compared to

class I mutations (Ory, et al., 1994). The heterogeneity of the structure and
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function of the various p53 mutants has led to studies of their clinical
implications. In breast and colon cancer, there is an implied association
between mutations in the residues that stabilize the protein structure and shorter
survival or poor response to treatment (Borresen-Dale et al., 1998) (Borresen et
al., 1995). Null p53 mutations, such as nonsense, deletions, insertions and
mutations at splice sites, result in premature stop codons and truncated protein
products. Such mutations give a poor outcome of non-small cell lung
carcinomas (Hashimoto et al., 1999) However, the exact functional

consequence of a p53 mutations is still unclear.

p53 in normal human skin

Increased expression of p53 protein can be detected in human skin as a
response to exposure of UVR (Burren et al., 1998); (Campbell et al., 1993)
(Hall et al., 1993).

Induction of p53 protein can be detected as early as 30 minutes after exposure
to UVR (Maltzman and Czyzyk, 1984), and is mainly due to reduced
degradation. The normal half -life of wt p53 protein is short. It is almost
undetectable in normal cells with immunohistochemistry. Overexpression of
p53 protein is often due to either the accumulation of wt p53 or mutant p53. It

can be visualized immunohistochemically as a nuclear staining.

Scattered p53 immunoreactive keratinocytes are found in epidermis after sun
exposure. In addition to scattered immunoreactive cells, there are clusters of
p53 immunoreactive keratinocytes, denoted epidermal p53 clones. Such p53
clones can be found as "background" in chronically sun-exposed skin and
perhaps are more frequently detected in morphologically normal skin adjacent
to non-melanoma skin cancers. Genetic analysis has disclosed that 70% of such
clones harbored a p53 mutation (Pontén et al., 1997a). It has never been shown
that p53 clones found in the vicinity of tumors share the same mutation as

adjacent SCCs, CISs and BCCs (Pontén, et al., 1997a); (Ren et al., 1996a). The
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density of p53 mutant clones in chronically sun exposed skin is approximately
30/cm” (Jonason et al., 1996); (Ren et al., 1997); (Brash and Ponten, 1998).
Although the biological role of p53 clones is unclear, the incidence and
location of p53 clones suggest a possible role in skin carcinogenesis.
Furthermore, animal experiments have shown the early onset of epidermal p53
clones following chronic UV-irradiation in histologically normal mouse skin
and such clones are indicators of tumor risk(Berg et al., 1996); (Rebel et al.,

2001).

Ultraviolet radiation

UVR contains UVA (320nm-380nm), UVB (280nm-320nm) and UVC (200-
280nm). UVC is completely filtered out by the ozone layer. In UVR that
reaches the earth surface, 95% consists of UVA. The UVB is absorbed by
epidermis and causes DNA damage, while UVA exerts its major effects in the
dermis, causing photoaging of the skin. UVA is also capable of inducing
genetic damage in cellular DNA. The activity of telomerase in human skin has

been shown to be strongly associated with sun exposure (Ueda et al., 1997).

Sun exposure is the major environmental agent implicated in the induction of
non-melanoma skin cancer. The absolute specific UVR mutations are the
tandem transitions CC->TT (Hutchinson, 1994), which are more frequently
found in XP patients (Williams et al., 1998). The more common and typical
UVR induced mutation is C->T transition at a dypirimidine site (Miller, 1985);
(Brash, 1988). Several mechanisms for such mutations have been suggested.
One is the "A rule", as adenosine will be inserted to the opposite of the
photoproducts e.g. CT, leading to the mutation C->T; another is that the amino
group of C quickly deaminates when the C is part of cyclobutane dimers, the
resulting U will code as T if not quickly repaired (Brash et al., 1996). It was

accepted that UVB is primarily responsible for induction of skin cancer (Fig.5).
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Animal experiments show that chronic exposure to UVB can induce skin
cancer in mice (Rebel, et al., 2001). However, it has also been shown that UVA
induces skin tumors in animals as well as UVB (Setlow et al., 1993);
(Strickland, 1986). A recent study has demonstrated that UVA induces DNA
damage through an indirect mechanism by which UVR-absorbing substances
(photosensitizers) are activated to produce reactive species causing DNA

damage (Kawanishi et al., 2001).
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Fig.5 UVR and its effects.

DNA damage and DNA repair

The basis of any photo-process is absorption of a quantum of light-photons.
DNA maximally absorbs UVR at a wavelengths of 320nm. The major UVR-
induced DNA damages are cyclobutane pyrimidine dimers (CPDs) and
pyrimidine-pyrimidone (6-4) photoproducts (Tornaletti and Pfeifer, 1996).
Both photo lesions have been detected in human and animal skin, in vitro and
in vivo (Rosenstein BS, 1991), and are essential with mutagenesis and

carcinogenesis (Ananthaswamy and Pierceall, 1990). Cyclobutane pyrimidine
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dimers are formed via a cyclobutane ring connecting the 5,6 carbons of two
adjacent pyrimidine bases (Fig.6). They are the dominant compounds induced

by UVC and UVB.

6-4 photoproducts are formed between carbon 6 of one residue and carbon 4 of
its neighbour (Fig.6). They have spectral characteristics and chemical behavior
that is distinct from CPDs and are assigned to a new class of photolesions.
They are formed, on average 10-20% of CPDs (Mitchell and Nairn, 1989).

The induction of oxidative DNA damage has been observed in cultured cells
irradiated with UVB, UVA and visible light (Taira et al., 1992). Recent studies
showed that oxidative DNA damage also plays a role in mutagenesis

(Kawanishi, et al., 2001).
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Fig.6 Structure of UV-induced photoproducts. By courtesy of Helena Bikvall.

UVR-induced DNA lesions are primarily removed by the process of nucleotide
excision repair (NER) (Sarasin, 1999). NER is one of the major DNA repair
pathways, involved in the removal of a broad range of DNA lesions like UVR
photolesions, bulky DNA adducts and DNA crosslinks (Hoeijmakers, 2001).
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The NER process comprises five steps: recognition of a DNA lesion, incision
of the damaged strand on both sides of the lesion after separation of the two
DNA strands by helicases, removal of the damage-containing oligonucleotide,
gap-filling by DNA synthesis, and ligation. Two NER sub-pathways exist with
partial substrate specificity: the global genome repair system surveys the entire
genome for distorting injuries and the transcription-coupled repair (TCR)
focuses on damage that blocks elongating RNA polymerase. They are different
only in the fist step, DNA damage recognition by formation of a different
complex. It has been suggested that p53 modulates DNA repair by direct
binding to certain NER proteins, and DNA damage encountered by the TCR
machinery, especially in transcribed genes, seems to trigger the p53 response
(Ljungman et al., 1999). Data from animal experiments suggest that DNA
damage and the defective cellular functions in p53-deficient mice are related

(Donehower, 1996) (Tennant et al., 1996).

In the case of inefficient repair, lesions remaining in the DNA can give rise to
mutations during replication. This is highly pronounced in XP patients who are
deficient in NER. Cells from XP patients are hypermutable following UVR,
which is consistent with the high incidence of skin cancer arising in XP

patients at an early age (Williams, et al., 1998).
Photo-protection

In addition to NER, there exist two other strategies of photo-protection,

including endogenous and exogenous factors.

Endogenous factors

Skin pigmentation and thickening of epidermis are the two major natural
protection factors against solar radiation. In response to UVR, tanning occurs
due to the immediate release and de novo synthesis of melanin, as well as an

increased mitosis of melanocytes..
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Melanocytes are dendritic cells of neural crest origin. They are located in the
basal layer of the epidermis and account for 10% of the cell population in the
epidermis. Two variants of melanin are synthesized in the cytoplasm of
melanocytes: eumelanin, which is a black-brown compound and pheomelanin,
which is a yellow-reddish-brown compound. Each melanocyte is in contact
with 20-40 keratinocytes and melanin is transferred via its dendrites in the form
of melanosomes. Melanin absorbs, reflects and scatters UVR and may also act

as a free radical quencher.

The stratum corneum consists of several layers of keratin from terminal
differentiated keratinocytes. It is constantly desquamated from the surface and
renewed from below. UVR is absorbed and scattered in the stratum corneum
due to its content of keratin and other proteins. The increased mitotic activity
following UVR results in a thickening of the skin, including the stratum

corncum.

Exogenous factors

Other types of photo-protection include wearing of protective clothes,
application of topical sunscreens and using systemic photoprotection.

Topical sunscreens have been widely used to protect against the harmful effects
of UVR. The effectiveness of sunscreens, expressed in terms of sun protection
factor (SPF), is determined by their ability to delay the development of
erythema. Sunscreens give rise to protection against UVR-induced edema, but
its immunoprotectivity was inferior (Wolf et al., 1993). Clinical studies have
shown that topical sunscreens can prevent UVR-induced damage, including
sunburn, photoaging (Boyd et al., 1995), actinic keratosis (Thompson et al.,
1993) and SCCs, but not BCCs (Green et al., 1999). It has also been shown that
sunscreens can decrease UVR-induced epidermal p53 induction (Berne et al.,
1998). The recent concern is the question of how well sunscreens can protect
genetic material, as their efficacy is largely dependent on the prevention of

erythema. Furthermore the efficacy of sunscreens in delaying the formation of
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erythema may encourage longer exposure and thus compromise the beneficial

effects (Bykov et al., 1998b)).

Basal cell cancer

Basal cell cancer (BCC) is the most common cancer in humans, with more than
750,000 new cases per year in the United States alone (Green et al., 1996).
BCC rarely occurs before the age of 30, but the incidence increases
considerably in populations aged over 60 years. Exposure to sunlight,
particularly UVB, is a major etiological risk factor associated with BCC
development (Gallagher et al., 1995). BCCs arise only in hair bearing and
mostly in sun exposed areas of the skin. Eighty-five percent of the tumors
appear in the head and neck region. BCC development is associated with high
childhood exposure to sunlight leading to sunburn, however BCC does not
show a strong correlation with continuous exposure to UVR as does SCC,

indicating that other factors are also involved (Kricker et al., 1995).

BCC shows a fairly invariable histological picture as well as an indolent
clinical behavior. There is a range of histologic subtypes, including the well-
circumscribed nodular subtype (45-60%), the superficial subtype (15-30%), the
pigmented subtype (1-2%), and the aggressive-growth or infiltrative subtype
(4-17%). The cell of origin is probably a pluripotential stem cells in the bulge
area of hair follicles. BCCs are slow growing and are lacking of precursor
lesions. Tumors are locally invasive but are rarely metastasized. Treatment for
BCC 1is usually by local excision, but recurrence is commonly due to the
difficulty in defining surgical margins (Miller et al., 1990). BCCs can result in

extensive morbidity through local recurrence and tissue destruction.

BCC is also the most prevalent tumor reported in Gorlin syndrome. The Gorlin
syndrome is an autosomal dominant disorder characterized by multiple BCCs
with onset at an early age, jaw keratocysts, dyskeratotic palmar /plantar pits,

skeletal malformations and soft tissue calcification. Other malignant or benign
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tumors such as medulloblastoma, ovarian fibroma and fibrosarcoma,
meningioma, thabdomyoma and cardiac fibroma may also occur in this cancer-
prone condition (Gorlin, 1995); (Evans et al., 1993). The gene responsible for
this syndrome has been identified as the patched gene, PTCH, a human

homologue of the Drosophila segment polarity gene.

In addition to PTCH alterations, p53 mutations are common in sporadic BCC
(Pontén, et al., 1997a). Published data indicate that p53 mutations contribute to
the malignant characteristics of tumors but are probably not in themselves
sufficient for BCC development. Activating mutations of proto-oncogenes are
found in many types of cancer, but there is little evidence that oncogene
activation plays a major role in BCC carcinogenesis. Several studies have
shown activating /s-ras and k-ras point mutations in a small fraction of BCCs
(van der Schroeff et al., 1990); (Anasthaswamy et al., 1989); Lieu FM et al,
1991). Limited studies of other oncogenes have shown no genetic
abnormalities (Ananthaswamy et al., 1988). These data suggest that RAS

activation may play a secondary role in BCC pathogenesis.

Immuno-suppression can lead to increased susceptibility for NMSC including
BCC. Elevated risk of developing BCC is found in immuno-suppressed
patients following renal transplantation and also in dermatological patients

undergoing PUVA therapy (Gupta et al., 1986)

PTCH and hedgehog pathway

The hedgehog and patched genes were identified by analyzing mutants
obtained in the early genetic screens in Drosophila by Niisslein- Vollhard and
Wieschaus in 1980. The sonic hedgehog/patched (SHH/PTCH) pathway plays
an important role in embryonic development and has rapidly emerged as one of
the most important regulators of oncogenic transformation.

The human PTCH gene maps at chromosome band 9q22.3. It encodes a 12-
transmemberane protein that binds to the sonic hedgehog (SHH) ligand with
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high affinity. The PTCH protein also negatively interact with a putative G-
protein coupled receptor, known as smoothened (SMO). Upon association of
PTCH with its ligand SHH, the inhibition of SMO is relieved resulting in up-
regulation of a number of target genes, such as WNT, genes of the TGF[3
families and PTCH itself. Inactivation of PTCH by mutations therefore results
in the constitutive activation of SMO, which is characterized by over-

expression of GLII, ending in uncontrolled cell proliferation.

Mammalian genomes harbor a second PTCH gene, PTCH2, and the encoded
protein is capable of both SHH binding and formation of a complex with SMO
(Motoyama et al., 1998a); (Carpenter et al., 1998). There are similarities
between the two human PTCH proteins on the cellular level, although they
have different target tissues (Motoyama et al., 1998b). PTCH?2 is up-regulated
in both sporadic and hereditary BCCs with PTCH mutations, suggesting a
negative regulation of PTCH2 by PTCH (Zaphiropoulos et al., 1999). One
report suggests that PTCH2 mutations play no major role in the etiology of
BCCs and medulloblastoma (Smyth et al., 1999).

Individuals with germline PTCH gene mutations suffer from Gorlin syndrome,
exhibiting a variety of developmental defects and predisposition to tumor
formation. The majority of the identified alterations in the PTCH gene are
deletions and insertions, which give rise mostly to truncated protein (Johnson et
al., 1996); (Hahn et al., 1996); (Gailani et al., 1996b); (Undén et al., 1996);
(Wicking et al., 1997). Approximately 15% of germ-line mutations are
missense and are often located in highly conserved domains of the gene,
resulting in significant effects on protein function. However there is no clear

correlation between genotype and phenotype.
LOH at the PTCH locus has been found in more than 50% of sporadic BCCs

whereas inactivating mutations in the remaining allele have been detected in

30% of these tumors (Gailani et al., 1996a). Thus PTCH mutations follow
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Knudson's hypothesis that tumors in inherited cancer predisposition syndromes
have mutations of the same genes as sporadic cases of the same tumors
(Knudson Jr., 1971); (Sidransky, 1996). Mutations of the proto-oncogene SMO
and the SHH ligand have also been detected in BCC although at a lower
frequency than PTCH. A recent study has shown that, in comparison with
normal skin, that BCCs have increased levels of mRNA for PTCH, GLII, HIP,
WNT2B and WNT5a; decreased levels of mRNA for c-MYC, c-FOS and WNTH4,
and unchanged levels of mRNA for PTCH2, GLI2, WNT7B and BMP2 and 4
(Bonifas et al., 2001). BCCs can be induced in transgenic mice over-expressing
SHH and GLI-1 (Nilsson et al., 2000; Oro et al., 1997), and also in patched
heterozygous knockout mice (Aszterbaum et al., 1999). PTCH mutations have
also been detected in medulloblastoma, meningioma, trichoepithelioma and

breast cancer.
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AIMS OF THE PRESENT INVESTIGATION

The general aim of this study was to elucidate the role of p53 in skin

carcinogenesis. Specifically, the goals were to:

U investigate the kinetics of UVR-induced DNA damage and repair in
relation to subsequent p53 protein expression in normal human skin and

to study the effects of sunscreen (Paper I).

U develop a morphology based method for analyzing p53 gene mutations

in single cells retrieved from stained tissue sections (Paper I1)

U characterize p53 mutations in single cells from normal, chronically

sun-exposed human skin (Paper III)

U map p53 mutations and LOH in both PTCH and p53 loci in BCCs from
patients with Gorlin syndrome; and to analyze the PTCH gene

alterations in microdissected fractions of sporadic BCCs (Paper IV)
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Materials and Methods

Biopsies from healthy volunteers

In paper I, four healthy volunteers were irradiated on the skin of both sides
their buttocks with a single dose of solar simulating ultraviolet radiation. One
side was pretreated with a topical sunscreen. Sunscreen preparation (2mg/cm?)
containing both UVA and UVB absorbers, was applied to unexposed buttock
skin over an area of 16 cm”. Biopsies were obtained from buttock skin without
sunscreen before irradiation as controls. Skin from both areas was biopsied at
4, 24, 48 and 120 h after irradiation. Tissue samples were fixed in 4% buffered

formalin for 1-3 days, embedded in paraffin and sectioned.

In paper III, the dorsal side of forearms of 11 healthy volunteers were
protected from sun by blue denim fabric (SPF 1700) during 5-10 weeks of
Swedish summer time. Biopsies were taken 24 hours after the last exposure,
both from protected and unprotected areas and frozen at -20°C (Berne, et al.,
1998). Biopsies from sun-exposed and shielded skin from one male volunteer
and shielded skin from two additional female volunteers were analyzed in this

study.

Biopsies from sporadic basal cell cancers and Gorlin patients

Surgically excised fresh tumor tissues were sliced and snap frozen. Parts of the
tumor tissues were stored at -70°C before subsequent analysis. In paper IV,
nine sporadic BCCs were from chronically sun-exposed areas, four with solid
tumor type, three with superficial tumor type and two with mixed tumor type.
Twenty BCCs collected from three Gorlin patients were enrolled in the study,
thirteen with solid type and seven with superficial type. Sixteen micrometer
sections were made before immunostaining. Normal skin in the vicinity of the
excised tumor was also collected and treated similarly to tumor tissue. In paper
II, one previously characterized BCC containing two p53 mutations (codons

159 and 177), was included in the study.
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HaCaT cells

In paper 11, single cells from cultured a HaCaT cell line were also included.
The HaCaT cell line was derived from human keratinocytes containing two
heterozygous p53 mutations (exons 5 and 8) (Boukamp et al., 1988). Cells
were trypsinized. A drop of cell suspension was put on a thin slide and air dried

before storing at -20°C.

Simulating ultraviolet radiation

In paper II, in order to mimic daily sunlight, a SUPUVASUN 3000 (Mutzhas,
Germany) equipped with a SUN-filter was used to generate a broad band of

UVB (0.03 mW/cm2), UVA (65 mW/cm2) and near-infrared radiation. The
minimal erythema dose (MED) on the untanned buttock skin was determined
24 h after irradiation using a monochromator (Applied Photo Physics, England)
emitting a narrow band of UVB at 313 nm (slit width 3 mm, corresponding to a
band width of +4-6nm) through a 1-m liquid light guide with an aperture 9 mm

in diameter). Two MED of UVB was administered to the buttock skins.
Microdissections
Scalpel microdissection

In paper 1V, microdissections from immunohistochemically stained 16um
cryo-sections were performed under the light microscope, enabling careful
examination of cells sampled during microdissection. Small scalpels (Alcon
Ophthalmic Knife 15°) were used to microdissect and retrieve samples from
the sections. The tip of the scalpel with the sampled cells was dipped into tubes
containing 50ul PCR buffer (10 mM Tris-HCL pH 8.3, 50 mM KCl). Cells
were incubated at 56°C and lysed by the addition of 2 pl freshly prepared
proteinase K solution (20 mg/ml, dissolved in re-distilled water) for one hour.
Proteinase K was heat inactivated ( 95°C, 10min ) and samples were stored at -

20°C prior to PCR.
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Laser microdissection

In paper II and III, dissection was carried out by PALM® MicroLaser systems
(P.A.L.M. GmbH, Wolfratshausen, Germany). This system (Schiitze and
Clement-Sengewald, 1994) allows "non-contact" optical micro-manipulation of
cells on slides. Using fine focused laser beams, the surrounding tissue can be
eradicated. The isolated cells were picked up by small glass capillaries
(Femtotips, Eppendorf). The tips of the capillaries with attached cells were
dipped in the bottom of tubes containing 10ul PCR buffer (10 mM Tris-HCL
pH 8.3, 50 mM KCI) and subsequently covered with 50ul mineral oil prior to
PCR. Capillaries were re-examined under the microscope to ensure that the

cells had been transferred to the tubes.
Immunohistochemistry and immunofluorescence

In paper I, p53 expression and DNA damage was visualized by double
immunofluorescent labelling using antibodies against p53 protein (DO-7,
DAKO Ltd) and TT-dimers (KTM53, Kamiya Biomedical Ltd.). Sections were
first incubated with DO-7 (1:100) overnight at 4° C. Following incubation with
biotinylated rabbit anti-mouse antibody (1:100, 30 min) and TRITC -
conjugated streptavidin (1:100, 30 min), slides were incubated with the KTM53
monoclonal antibody (1:1000, 45 min). Sections were then incubated with
biotinylated rabbit anti-mouse antibody (1:200, 30 min) followed by FITC-
conjugated avidin (1:100, 45 min). Incubation with KTMS53 and rabbit anti-
mouse antibodies was performed at room temperature. Nuclei were stained by
immersion in a solution of 4',6-diamidino-2-phenylindole (Sigma) at a
concentration of 250 ng/ml in PBS for 10 min, and coverslips were mounted
onto the tissue sections in an anti-fading medium (DAKO Ltd). In paper I,
proliferation was visualized on sections using a monoclonal antibody MIB-1
(Immunotech Ltd), recognizing the antigen Ki-67.

In papers III and IV, Sixteen micrometer thick cryosections were made and air
dried at room temperature for 1 h. Tissue sections were incubated with a

primary monoclonal anti-p53 antibody DO-7 (DAKO, code M7001), and
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biotinylated rabbit anti-mouse antibody (DAKO, code E354) was used as
secondary antibody. The reaction was visualized by avidin/biotin (DAKO code
K355), using diaminobenzidine (DAB) as chromogen. Mayer's hematoxylin

was used for counter-staining.

In situ hybridization

Two human cDNA fragments (bases 190-628 and 3625-4269) were cloned into
PGEMS. They were linearised and transcribed in vitro to obtain a sense and
two different anti-sense probes. Paraffin-embedded sections of 11 pm were
treated with proteinase K (Sigma Chemical Co.) and washed in 0.1M
triethanolamine buffer containing 0.25% acetic anhydride. Subsequently,
sections were hybridized overnight with 2.5x10° cpm of **S-labeled anti-sense
or sense probe at 55°C. Autoradiography was performed for 14 days. After

development of the photographic emulsion, slides were stained with H&E.

PCR and direct DNA sequencing

The amplifications were conducted in a multiplex/nested configuration (Berg et
al., 1995). In paper IV, microdissected multi-cell samples were amplified in
exons 2-11 of the p53 gene. Two outer PCRs were performed. Outer PCR for
exons 2-3, 10 and 11 was amplified with 3 pairs of primers, and outer PCR for
exon 4-9 was amplified with 6 pairs of primers. Sul of sample lysate was
added in the outer PCR mixture. After diluting the outer PCR products, a
specific inner amplification for each exon was performed. In papers II and 111,
microdissected single cells were amplified in exons 4-9 of the p53 gene. The
amplification was essentially the same as described above, except that the first
four cycles of the outer PCR were run with prolonged annealing and extension

time, and using Pfu Turbo instead of Taq polymerase in the outer PCR.

DNA sequencing was conducted in an automated fluorescent laser apparatus
ALF (Amersham Pharmacia Biotech, Uppsala, Sweden) and an ABI 377 DNA
sequencer (Perkin-Elmer-Applied Biosystems Inc., Foster City. CA). Samples

to be analyzed on the ALF were amplified with one of the primers in a biotin-
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labeled pair. The PCR products were purified and single strands were eluted
by streptavidin-coated paramagnetic beads as a solid support. Direct
sequencing was performed with the automated fluorescent laser apparatus
(papers 11 and 1V). Analysis on the ABI 377 DNA sequencer was carried out
using the BigDye terminator cycle sequencing kit (Perkin-Elmer-Applied
Biosystem) (papers II, III and IV).

Loss of heterozygosity

Loss of heterozygosity was examined for the p53 gene and PTCH gene region
9g22.3 using a microsatellite based assay in paper [V. Two p53 microsatellites
consisting of an AAAAT-repeat in intron 1 and a CA-repeat located
downstream of exon 11 were co-amplified with three microsatellites (D9S280,
D9S287, D9S180) in the 9q22.3 region. One primer in each pair was
fluorescently labeled. A 4% denaturing polyacrylamide gel for ABI PRISM
377 (Applied Biosystems) was used and GeneScan software (Applied
Biosystems) was employed for quantification and interpretation of raw data
output. Cells from adjacent, morphologically and immunohistochemically
unremarkable epidermis were defined as normal. The criterion for loss of
heterozygosity was based on allelic imbalance in the tumor (T1:T2) divided by
the allelic imbalance in the normal (N1:N2). An allele ratio (T1:T2)/(N1:N2) of

less than 0.6 was scored as LOH.
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Results and Discussion
Simultaneous visualization of UVR-induced DNA damage and subsequent

p53 response in human epidermal keratinocytes in situ (Paper I)

It has been shown both in vitro and in vivo, that UVR can induce specific DNA
damage such as cyclobutane dimers, e.g. TT-dimers (Rosenstein and Mitchell,
1991) (Bykov et al., 1998a). The formation of cyclobutane pyrimidine dimers
is an important step preceding UVR-induced mutations. These DNA lesions are
primarily removed by NER (Sarasin, 1999). The consequence will be
deleterious if the damage 1s not repaired or if the damaged cells fail to undergo
apoptosis. The importance of NER can be seen in patients with xeroderma
pigmentosum, who develops a multitude of skin tumors due to a defective NER
system. p53 protein plays a central role in mediating the cellular response to
UVR-induced DNA damage (Lakin and Jackson, 1999). Elevated p53 protein
transcriptionally activates a series of target genes such as p21 and Bax which
facilitates DNA repair and enables cell-cycle-arrest and apoptosis. p53 has also

been suggested to be directly involved in DNA repair (Ljungman, et al., 1999).

The accumulation of TT dimers and the induction of p53 following different
sources of radiation have been investigated (Burren, et al., 1998); (Young et al.,
1996) (Ponten 2001). However, the kinetics of p53 induction and TT dimer
repair simultaneously, using a double-labelling technique, has not been studied
previously. In this study, we took the advantage of double immunofluorescent
labeling in an effort to investigate the formation and repair of TT-dimers, and
its relation to the subsequent p53 induction. Topical sunscreens are the most
common choice for protecting against harmful effects of UVR. We also try to

determine the efficacy of photoprotection by topical sunscreens.
A widespread formation of TT-dimers was generated 4 h after a single dose of

physiological UVR (2 MED) in the 4 volunteers. There was a wide range of

positive cells (93-37%). The level of TT-dimers decreased over time and
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remain above baseline at 120 h. Large variations between the volunteers with
different degrees of reduction at different time points were found. Thus large
inter-individual differences regarding the formation and repair of TT-dimers
was evident. This is in agreement with what has been shown in earlier studies
where TT-dimers persisted 7 days post-irradiation of mouse epidermal
keratinocytes (Young, et al., 1996). Another study demonstrated up to 20-30
fold differences in the efficacy of repairing DNA damage on human skin
(Bykov, et al., 1998b) (Bykov et al., 1999). The TT-dimer positive cells were
visualized in all the layers of epidermis 4 h after radiation, but mainly in the
superficial layer at 120 h. This is in line with other findings showing that
undifferentiated keratinocytes are more efficient in repairing damaged DNA

compared to differentiated keratinocytes (Li et al., 1997).

The pattern of TT-dimer formation and repair was mirrored by a p53 response
in the same section. This is consistent with the notion that increased expression
of p53 in epidermal keratinocytes is due to UVR-induced DNA damage (Hall,
et al.,, 1993). There was a 3 to 9-fold increase of p53 immunoreactive
keratinocytes 4 h after irradiation. The peak of the 53 response showed a mean
of 47% immunoreactive keratinocytes. The time needed to reach peak levels of
p53 immunoreactivity varied between 4 h and 24 h, as did the degrees of
reduction at subsequent time points. The more persistent TT-dimer levels were
followed by a more delayed p53 response in cases C and D compared to case
B. The more variable p53 responses are partly due to different rates of DNA

repair.

Large inter-individual differences in epidermal p53 response, independent of
the type of radiation, have been reported previously (Ponten et al., 2001). The
overlay images (Fig.7), show a majority of the co-expressing cells in the
suprabasal layers where transient amplifying and early differentiating cells are
located. This suggests that perhaps only cells in a certain phase of the cell cycle

or differentiation state respond to DNA damage by over-expressing p53
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protein. The DNA repair in proliferating cells is p53 dependent as indicated in
a study by Li et al. (L1, et al., 1997). Alternatively, other factors such as
MDM2 regulating intra-nuclear levels of p53, may also play a role (Ganguli et
al., 2000).

Sunscreen is the most popular choice of photoprotection. The role of
sunscreens in vivo is still a subject of some debate. A study in mice showed a
significant reduction of DNA damage compared to unprotected skin (Wolf, et
al., 1993). In human skin, Seite et al showed that an appropriate full UV
spectrum product significantly reduces the UVR-induced skin damage (Seite et
al., 2000a). In a study by Young et al, it was showed that sunscreens are
equally adept at protecting the erythema and DNA (Young et al., 2000).
Clinical studies have also indicated that the long-term use of sunscreens
protected subjects from developing SCC but not BCC (Green, et al., 1999).
However, recent studies by Bykov showed that sunscreen did not provide the
universal protection against DNA damage as it is to erythema (Bykov, et al.,

1998b).

There is a wide acceptance in its efficacy in protection against erythema
formation, but recently, concern has been expressed over how well it can
protect against DNA damage. The discrepancy could be due to the different
endpoints applied. In our study, the formation of TT-dimers and the subsequent
p53 response were partially blocked by sunscreens (Fig.7). The differences in
the degree of protection by sunscreens, is in line with other studies suggesting
that protection by sunscreens is individual and independent of amount of DNA
damage and erythema response (Bykov, et al., 1998b). Sunscreens gave a
stronger protection against p53 induction than TT-dimer formation, which
implied that factors such as reactive oxygen species other than cyclobutane

also triggered a p53 response (Seite et al., 2000b) .
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A late proliferative response as detected by the Ki-67 antibody was evident at
120 h in 3/4 subjects, suggesting that UVR is a mitogen and in agreement with
increased proliferation in epidermal keratinocytes leading to thickening of the

epidermis. The proliferative response was also partially blocked by sunscreens.

Although firm conclusions are difficult to draw due to the small number of
subjects, the large inter-individual differences in the formation and repair of
DNA damage as well as p53 response may be an indication of individual risk
for developing non-melanoma skin cancer. Additional work is needed to
increase our knowledge about the molecular basis for those inter-individual
differences regarding repair of DNA damage and the p53 response. The double
staining provides a useful tool in studying DNA damage and the subsequent

response simultaneously.

p53 gene analysis in single cells (Papers II and III)

Genetic analysis in single cells has its advantage in unmasking important
cellular and molecular events during different stages of tumor development.
Advanced laser assisted microdissection techniques have made it possible to
exploit targeted cells from histologically stained sections without
contamination from neighboring cells. Many studies have been designed to
dissect target cells from heterogeneous cell populations at different stages of
precancerous and cancerous lesions (Emmert-Buch et al., 1996) (Suarez-Quian
et al., 1999). Studies have shown that a small amount of cells and even single
cells obtained from histochemically stained sections as well as cultured cells
can be analyzed at the mRNA and DNA level (Becker et al., 1996); (Bernsen et
al., 1998); (Schutze and Lahr, 1998). Based on our previous study (Pontén et
al., 1997b), we optimized a method for the mutation analysis of p53 exons 4 to
9 in single cells retrieved by laser assisted dissection from immunostained
sections. The optimized technique was applied to characterize p53 mutations

on keratinocytes from chronically sun-exposed normal human skin.
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In order to optimize the PCR conditions, as described in Paper II, we first took
the advantage of the HaCaT cell line containing two p53 mutations (exons 5
and 8) (Boukamp, et al., 1988). In our previous study, we were able to analyze
two PCR fragments (exons 7 and 8) in 14% of laser-dissected single cells from
immunostained tissue sections (Pontén, et al., 1997b). The low amplification
rate was due to a high frequency of exon and allele drop out (ADO). In single
cell genetic analysis, preferential amplification of one allele or exons is a
potential problem (Garvin et al., 1998); (Findlay et al., 1998); (Rechitsky et al.,
1998). ADO can either occur during PCR due to a sub-optimal technique.
Alternative explanation could be that ADO reflects an underlying biological
event resulting in loss of genes. Another concern in single cell genetic analysis
is errors introduced by polymerase. Taq polymerase has an error frequency of
10*-10” (Tindall and Kunkel, 1988). The recently available Pfi polymerase
has proofreading activity and reduces the misincorporation rate by a factor of

10 (Andre et al., 1997).

By increasing the concentration of template, primer and polymerase,
prolonging primer annealing time and choosing Pfu Turbo as polymerase, a
significant improvement in exon representation was achieved (12/19, 63%).

The allele dropout rate (ADO) was 50% (Table 1).

As a second step, this improved technique was also applied to single cells
retrieved from frozen tissue sections of normal human skin. Due to low exon
representation from fresh material (1/16, 6%) (Table 1), care was taken during
sample preparations. Activated endogenous DNase which leads to DNA
degradation, is presumably the major cause. A nuclease inhibitor EDTA, was
introduced during every step of sample preparation (sectioning, staining and
microdissection). Different concentrations of EDTA and tissue fixations were
tested. Higher concentration of EDTA (100mM) gave better amplification rates
but poor morphology. Formalin and acetone/methanol fixation gave better

morphology however amplification was poor. The optimal analysis was thus
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accomplished by using a low concentration of EDTA (10mM). By using this
optimized tissue preparation method, we were able to amplify all the possible

exons in 10/20cells (Table 1).

Finally, a previously characterized BCC was used to evaluate ADO in this
system. Single cells were microdissected from tumor nests and normal skin
nearby. The exon representation rate in samples amplified using Taq
polymerase was 10/30, in contrast to 26/50 using Pfu. ADO was 60% in
samples amplified by Taq polymerase, while ADO was 50% in Pfu amplified
samples (Table 1). No difference was observed between tumor cells and cells
from normal skin. Further studies are needed to verify the underlying molecular

mechanisms for ADO.

Table 1 percentage of cells with all possible exons amplified under
different conditions of treatments

Treatment Sample No. of single % of cells with all ADO

source  cells possible exons
Pfu Turbo HaCaT 19 63% 50%
cells
Pfu Turbo skin 16 6.3% -
EDTA + skin 20 50% -
Pfu Turbo
EDTA+ BCC 30 33% 60%
Tag/stoffel
EDTA + BCC 50 52% 50%
Pfu Turbo

The laser microdissection techniques, when combined with optimized genetic
analysis, has provided an insight into the biology of different diseases
(Lehmann et al., 2000); (Cerroni et al., 2000); (Volante et al., 1999) and
(Walch et al., 2000) (Fig.8). Detailed questions relating to morphology to
genetic background can be addressed. It is known that natural doses of UVR
can induce p53 protein overexpression in epidermal keratinocytes (Hall, et al.,

1993). Studies by Ouhtit indicated that the frequency of UV-specific p53
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mutations in normal skin 1s a predictor of risk for basal cell cancer (Ouhtit et
al., 1998). Our previous study showed a 66% decrease of p53 immunoreactive
keratinocytes after complete protection from the sun during two Swedish
summer months (Berne, et al., 1998). However, the genetic background
underlying the remaining scattered p53 immunoreactive cells is unclear. It was
therefore of interest to conduct a molecular study based on well defined
morphology, together with the advent of proper technique. In paper III, the
refined technique was applied to characterize p53 mutations (exons 4-9) in
single cells in normal, chronically sun-exposed skin from healthy individuals.
Biopsies were taken from the skin of 11 volunteers which had been subjected
to daily sun during two summer months, as well as from adjacent skin which
had been totally protected from the sun by blue denim fabric (SPF 1700)
(Berne and Fischer, 1980).

Four biopsies were chosen, one from non-shielded skin and three from shielded
skin. Biopsies were sectioned and immunostained with p53 antibody. A total of
172 single cells were retrieved by laser assisted microdissection, followed by
PCR and direct DNA sequencing analysis of the p53 gene. In 99/172 (58%)
cells, it was possible to amplify one or more p53 exons. In the 99 samples,
which contained a template, a total of 494/594 (82%) possible exons were

amplified. Fourteen mutations were identified (Table2).

Table 2 Summary of samples, amplified exons and percentages of mutations found.

Biopsy Keratino No. cells No. amplified No. different % of mutation in
-cytes collected exons mutations amplified exons
Non-shielded scattered 14 64 4 6.2%
shielded p53 48 134 5 2.3%
scattered 110 296 5
Total 172 494 (82%) 14
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Typical UVR signature mutations i.e. C->T or G->A transitions at dypirimidine
sites were apparent in 8/14 mutation. Only one silent mutation was recorded.
Thus, 26 morphologically normal keratinocytes contained one or more p53
mutations, 15 showed immunoreactivity. This is the first time to our knowledge
that scattered p53 immunoreactive keratinocytes in morphologically normal

human epidermis have been to carry p53 mutations.

In one sample from shielded skin (V2), a minute epidermal p53 clone was
disclosed (Fig.9). It had a diameter of 10-15 basal cells corresponding to an
area of 0,05 mm®. Forty-eight single cells were isolated from 12 consecutive
immunostained cryosections representing this epidermal clone.
Immunoreactive and non-immunoreactive basal, suprabasal and superficial
keratinocytes from this area were analyzed. Five different mutations were
found. Two missense mutations (codons 241 and 281) were dominant in both
immunoreactive and non-immunoreactive keratinocytes of all layers of
epidermis within the p53 clone (Fig.10). The remaining 3 mutations (one
missense, one stop and one silent) were only found in solitary keratinocytes.
This is in line with other findings showing that p53 clones often contain p53
mutated keratinocytes (Jonason, et al., 1996), (Ren, et al., 1996a); (Pontén, et
al., 1997a).

Our results show that p53 mutations are common in chronically sun-exposed
skin. The mutated cells can be distributed in a dispersed and a clonal pattern.
The role of the p53 gene mutations in tumor development is widely accepted.
p53 is mutated in more than 50% of human cancers, but differences exist
among different tumor types, e.g. in colon cancer, p53 alteration seems to be a
late event (Fearon and Vogelstein, 1990), whereas in skin cancer, p53
mutations appear to be an early event (Ziegler, et al., 1994). Most mutations are
missense mutations, resulting in amino acid substitution, which leads to

abrogation of normal p53 function and consequently disrupted important
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Fig.8 p53 immunoreactive keratinocytes in epidermis before microdissection (a);
after isolation using laser-assisted microscope (b).

‘Fig.9" Immunohistochemically staining revealing a small p53 in normal skin

after two months of total protection from UV-radiation. Low magnification (a)
and high magnification (b)

Superficial
icells
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celis

Basal
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¢ p53 immunoreactive keratinocytes
P53 non-immunoreactive keratinocytes
Fig.10 Cartoon illustrates topography of the detected p5S3 mutations in the p53 clone

from B. Two missense mutations (codon 241 and codon 218) were present in all three

layers of epidermis. Both p53 immunoreactive (red) and non-immunoreactive (yellow)
keratinocytes show mutations.
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cellular functions, such as cell cycle control, DNA repair, differentiation,

genomic stability and apoptosis.

The consequence of a p53 mutation will not only depend on the type of genetic
alteration but also on the target cell itself. In skin, p53 mutations in terminal
differentiating cells and transit amplifying cells are probably less detrimental
than that of in epidermal stem cells. Mutated differentiating and transit
amplifying cells will be eventually shed as a result of the constant turnover of
epidermis regardless of the mutations. In skin protected by blue denim fabric
(SPF 1700), which is almost impermeable for UVR, mutated non-stem cells
keratinocytes would have shed within 26-42 days of normal epidermal turnover
time (Wilkinson et al., 1992). The majority of detected mutations showed a UV
signature, suggesting that those mutations were acquired two month earlier. We
interpret our findings to suggest mutations occurring in epidermal stem cells.
The scattered p53 mutated keratinocytes showing UVR signature mutations,
are most likely also the progenies of mutated stem cells. It is unclear why they
have not started a clonal expansion is unclear. The frequency of mutations
found in non-shielded skin was notably higher (6.2%) than in shielded skin
(2.3%) (Table2).

Epidermal p53 clones are frequently detected in morphologically normal
epidermis from chronically sun-exposed sites (Pontén et al., 1995); (Ren et al.,
1996b);(Brash and Ponten, 1998); (Ren, et al., 1997). No genetic link has been
detected between p53 clones and skin cancer, although one study suggests a
role for p53 clones as precursors for BCC (Tabata et al., 1999). However, the
incidence and location of p53 clones suggests a possible role of p53 clones in
skin carcinogenesis. Animal experiments also indicate that p53 clones are
closely related to UVR and that they are indicators of tumor risk (Berg, et al.,
1996); (Rebel, et al., 2001).
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Two missense (codons 241 and 281) mutations were dominant in the detected
p53 clone. Both mutations show typical UV signature and result in amino acid
changes affecting direct DNA binding. A selective growth advantage thus
exists in the keratinocytes in this clone. Lacking the selective pressure i.e.
UVR, the size of the clone might represent a regressed clone of a normal
epidermal proliferative unit (Potten, 1974), (Asplund, et al., 2001), rather than

an expanded clone.

In the small p53 clone, the allele dropout out (ADO) rate in the basal cells was
2/8, while in the suprabasal cell it was 5/6 and in the superficial cells it was 3/3.
Although less plausible due to the pure technical artifacts, an alternative is that
ADO is part of the terminal differentiation pathway, and reflecting cells losing
alleles during differentiation. Our study provides a novel insight into the
complexity of a self renewing tissue. The present strategy has a wide range of
applications for investigating the different stages of tumor formation, as well as
in studying biological events determining the morphological changes during
the hair cycle, and will certainly extend our understanding of behavior of

epidermal stem cells and the development of basal cell cancer.

PTCH and p53 gene alterations in basal cell cancer (Paper IV)

Basal cell cancer (BCC) is the most common type of cancer among Caucasian
populations (Green, et al., 1996). It has two forms, the prevalent sporadic form
and a rare hereditary form in Gorlin syndrome patients. Gorlin syndrome is an
autosomal dominantly inherited disorder. The alterations in the PTCH gene
have been reported to play a key role in the development of BCC (Hahn, et al.,
1996); (Gailani and Bale, 1997); (Johnson, et al., 1996). In addition, p53 gene
mutations are also frequently found in sporadic BCCs (Pontén, et al., 1997a);

(Ziegler et al., 1993), (Williams, et al., 1998).

In the present study, we compared the PTCH and p53 gene alterations in BCCs
from both sporadic and hereditary cases. Nine sporadic BCCs and 20 BCCs
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from three Gorlin patients were investigated. A total of 70 microdissected
samples from tumors and adjacent skin were subjected to PCR, analysis of loss
of heterozygosity (LOH) and DNA sequencing. Forty-five samples were
collected from 9 BCCs (9 from normal epidermis, 9 from p53 clones and 27
from tumors). Twenty-five samples were microdissected from BCCs of 3
Gorlin patients (4 form normal epidermis, one from a p53 clone and 20 from

BCC tumors).

In situ hybridization was used to detect PTCH mRNA in sporadic BCCs.
Overexpression of PTCH mRNA was found in all 9 BCCs, which is an indirect
indication of PTCH mutation in tumors (Undén et al., 1997). Our findings are
in agreement with previous studies showing that 90% of BCCs from XP
patients and 50% of sporadic BCCs showed PTCH mutations (D'Errico et al.,
2000); (Gailani, et al., 1996b).

As summarized in Table3, LOH in the PTCH gene locus was prevalent in
tumors from sporadic BCCs (6/8) and hereditary BCCs (17/19). Taken
together with in situ data, our findings are well in concert with the notion that
BCC develops with one mutated allele, frequently accompanied by the frequent
loss of the other allele (Gailani, et al., 1996b); (Taipale et al., 2001).
Accordingly, the germline mutation in PTCH gene is a prerequisite for early
onset of BCC in Gorlin syndrome (Knudson et al., 1975). LOH in the p53 gene
locus was infrequent in sporadic BCCs (1/9) and in informative hereditary
BCCs (1/12). As indicated by previous studies suggesting that LOH in p53
locus is not a frequent event in the development of BCC (Pontén, et al., 1997a)

(Gailani, et al., 1996a).
A recent animal studies showed that p53 mutations were detected in 2/5 PTCH

heterozygous knockout mice following UVR (Aszterbaum, et al., 1999). In our

study, at least one p53 mutation was found in each of the 9 sporadic BCCs,
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whereas p53 mutations were only detected in 7/20 hereditary BCCs. Subclones
within individual tumor showed a partly different genotype with respect to p53
mutations in four BCCs (U-6, U-8, U-9 and U-11), i1.e. additional p53

mutation(s) developed during tumor progression.

Table 3 Summary of the LOH in PTCH region and p53 locus in tumors
from sporadic and hereditary BCCs. Numbers of samples with p53 mutation(s)
from both groups.

Tumors LOH9q LOH 17p No. of samples with p53
mutations

Sporadic BCC  6/8 1/9 9/9

Hereditary BCC 17/19 1/12 7/20

When combining data regarding p53 mutation and with PTCH LOH data, an
interesting finding appeared in two BCCs (U-4 and U-11). In U-4, one part of
the tumor displayed a p53 mutation (codon 135) without LOH in the PTCH
locus, while the other two parts of the same tumor showed the same p53
mutation with addition of LOH in the PTCH locus. In this case, BCC must
have developed with a p53 mutation preceding LOH in the PTCH locus. A
similar result was found in U-11, where two p53 mutations (codons 130 and
285) without LOH in PTCH was evident in one part of the tumor, whereas the
rest of the tumor showed the same p53 mutations with an additional two p53
mutations (codon 213 and 158) and LOH in the PTCH locus (Fig.11). In this
case BCC appears to grow with a selection for both additional p53 mutation

and LOH in the PTCH region.

Our results suggest that p53 mutations can occur prior to LOH in the PTCH
region in certain tumors. The subclones found in U-4 and U-11 indicates that
additional hits affecting the PTCH gene are selected during the growth of BCC.
This is analogous to a previous findings showing additional p53 mutations
accumulate during tumor progression (Pontén, et al., 1997a). The possibility

that both PTCH alleles are already altered by mutations that abrogate the
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normal function can not be excluded, however, it is very unlikely that LOH in

the PTCH locus is just a random event.

U-4 U-6
130
285 ;Flss
U-11
U-8 U-9

Fig.11 Cartoon schematically illustrating tumor heterogeneity in the 5 tumors
where different genotypes were found within the individual tumors. Grey bars
represent the p53 gene, where mutated codons are shown. Black bars represent
the PTCH gene, where LOH is shown as loss of one black bar

In sporadic cases, 12/18 detected mutations shared endemic UVR damage, i.e.
C->T or CC->TT. 7/9 mutations found in Gorlin cases indicated a UVR-
induced mutagen as well as deletions and unusual double base substitutions
(CC-TA and GG-AC). Several mutations found in hereditary BCCs were
different compared to the typical missense mutations found in sporadic BCCs.
The reason for this is unclear. A possible explanation that this may be due to
mutagens other than such as oxidative stress (Kawanishi, et al., 2001).

When comparing p53 protein overexpression found in sporadic and hereditary
cases, 7/9 sporadic BCCs showed p53 protein over-expression in 10-100% of
tumor cells, whereas this frequency was only less than 5% or less, in 5 tumors
from Gorlin patients (5/20). Only one p53 clone with a wild type p53 gene was
found in skin adjacent to hereditary BCC, whereas, in sporadic BCCs 6/9
clones had p53 mutations were found in sporadic BCCs. The disparity between

patients with sporadic and hereditary BCCs is not clear. A possible explanation
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is that Gorlin patients develop "invisible" p53 clones due to p53 mutations not
resulting in protein over-expression, a scenario consistent with the low p53
immunoreactivity in BCCs from these patients (Hashimoto, et al., 1999).
Another alternative is due to the fact that the Gorlin patients generally avoid

solar radiation during their life, or by unknown reason.

In summary, the PTCH and p53 genes are involved in the development of basal
cell cancer. Careful microdissection in tumors revealed that sporadic BCCs
consist of genetically linked subclones in which as additional p53 mutations

and/or LOH in the PTCH region are selected for.
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CONCLUSIONS

U A single dose of UVR induces DNA damage in epidermal keratinocytes.
Subsequent p53 overexpression can be detected in cells with thymine
dimers. Sunscreen can block DNA damage and reduce the epidermal

pS53 response.

U Optimized conditions for single cell PCR and p53 gene sequencing can

be obtained by inhibiting DNase activity and modifying PCR protocols.

U p53 mutations are common in chronically sun-exposed normal human
skin. A small p53 clone with two dominant p53 missense mutation can

prevail after complete protection from sun during two summer months.

U LOH in PTCH region is prevalent in BCCs from both sporadic and
hereditary cases. p53 gene mutations and display unusual deletions and
double base substitutions in BCCs from Gorlin syndrome patients
compared to mutations in sporadic BCCs. Genetically linked subclones

with partly different p53 and PTCH genotype exist in BCC.

48



Acknowledgements:

After graduating from TonglJi Medical University China, I became a resident at
the Department of Dermatology, TonglJi University Hospital. During that time I
obtained my Licentiate in Dermatopathology. With a curiosity both for science

and Sweden, I decided to join the PhD program at the Department.

My heartfelt thanks is due to the late Prof. Jan Pontén, who provided me with
the opportunity and laid the foundation for my Ph.D study, for sharing your
profound knowledge in science as well as for your hospitality. I remain deeply
impressed by your inquiring mind, sharp intellect, and your enthusiasm for

science. You are missed and remembered.

The study was carried out at the Department of Genetics and Pathology,
Uppsala University, Sweden. This work would not have been possible without
the efforts of many people. I am grateful to all the people I have had the
pleasure to meet and work with during this time. I would like to express my

deepest thanks to:

Fredrik Pontén, my supervisor, the driving force of the collaboration, for
bringing me to the fledgling world of the single cell, for willingly taking over
the responsibility for my study, for being such a constant source of
encouragement and much fun and for being so supportive throughout. My

gratitude is beyond words.

Joakim Lundeberg, my co-supervisor, the mainstay of the collaboration, for all
your brilliant ideas and positive attitude, for your patience in listening and great

understanding over the years. My appreciation knows no end.

Yngve Olsson, my examiner, for helping me settle down at the beginning, for
your continued concern as well as hospitality, and for your great patience and

affection for a foreign student.

Mathias Uhlén, for supporting the state of the art collaboration using his wild

imagination and sense of humor.

49



Berit Berne, my co-author, for her prudent review of my manuscripts, for

tireless preparation of skin samples.

Anna Asplund, Helena Béckvall and Cecilia Wassberg, my group-mates, for
your tremendous support during the years, for going through the tough times of
our group together, for enjoyable discussions in general. Thank you, Anna, for
your pleasant company and deep understanding; Helena, for your critical
review of my manuscript and your knowledge of biochemistry and for offering
me your nice drawings; Cecilia, for your kindness and sharing your experience

as a clinician.

Cissi, my co-author, for introducing me to the art of PCR, for getting things
done promptly and sagaciously, and also for sharing the happiness of
parenthood. Asa, my co-author, for a delightful collaboration, for sharing the
beauty of finding mutations, as well as for the enjoyable discussions in general.
Afshim, my co-author, for the cheerful collaboration. Lotta and Anna G, for

pleasant discussions.

Eva B, Rehne, Jeanetta B, Gunilla A, Eva H, Frank, William and Viktor for

excellent professional help in the respective fields of their expertise.

Per W, Bengt W, Monica N and Kenneth N for creating the scholarly ambience
at the department.

Eric Larsson, Rose-Maria, Alkwin Wanders and Manuel de la Torre, for the

nice chats and hospitality.

Jonas Isaksson, Mohammad Farooque, Ahmad K A, for the fun we had in the
lab, for being pleasant company at work; Agneta Lukinius, Fredrik H, Mia E,
Mia T, Jan S, Sara W, Gerard T, Inga Hansson, Adila, Kiki A, Josefin B,
Jessica A, Charlotta E, Susanne H, Helena W, Fredrik O, Anne H, Annika H,
Ahmed A, Magnus S, Johanna A, Mikael K, Lars -Gunnar, Faud, Cihan, Siqin,
Siwei, Birgitta H, Thomas S, Karin FN and Joakim Bergstom, for making the

department a friendly place to work, to make the long winter shorter, the

50



gloomy weather brighter, and also for helping me in one way or another;

Kenneth W, Helena H, for sharing the secret of immunohistochemistry.

Gitt, for all the wonderful dinners at your house, for your generosity and

hospitality.

Gijs, Ellen and Vera for all the good times we have had together and those still

to come. Teresita Diaz de Stahl for warm friendship and for your constant help.
Patrick, Cecilia, Kiran, Else for being the perfect roommates in "Jail No.1".

Ren Zhi-Ping, for his unselfish help on my behalf and for giving freely of his
wise counsel; Zou Xiang, for consulting on trivial matters about thesis writing;

Zhang Xiao-Qun, my best friend, for being so much better than you know!
My Chinese friends in Uppsala,

for sharing the experience of living abroad, for enjoyable

dinner parties, for kind friendship and for solid support.
My best friends in life,

for happily basking in the warmth of nostalgia, for all the
memories we have had and for the evergreen friendship I am looking forward

to!

F # & , Professor and the then head of the Department of Dermatology in
China, for accepting me as a resident at the department and later on as my tutor

for Dermatopathology.

My dearest father and mother, i 3 ¥, ™ & ¥, to whom I am truly
indebted, for instilling the love of scholarship, a sense of responsibility, the
value of being organized and disciplined, the respect for hardwork and for
those who share these values. It would have been impossible for me to
accomplish any of my academic pursuits without your everlasting love,

unfailing trust, never ending inspiration and unconditional support.

51



My gratitude is certainly extended to my parents-in-law, # # E., f i #,
for taking very good care of us, for standing behind us and providing a much
needed help and support, without which my thesis never would have been

completed.
My sisters and , for your infinite love and for sharing my life.

Last, but certainly not the least, is my appreciation to my family, my beloved
husband Hai-Bo, for your silent love, your deep understanding, for helping me
out of the valley and staying brave against the odds, for sharing your
knowledge of both life and science and also for the valuable comments on my
manuscript. My angel, Fei-Fei, who shows me the true meaning of life, for
cheering me up and, to the contentment of my heart. I wonder if I can ever be

able to thank you fully for your loving company.
It was my good fortune to have you all around to help my dream come true!

This work was financially supported by grants from the Swedish Cancer
Foundation, the Swedish Foundation for Strategic Research and the Swedish

Research Council for Engineering Science.

52



References

Ananthaswamy, H. N., and Pierceall, W. E.: Molecular mechanisms of ultraviolet radiation
carcinogenesis. (1990). Photochem Photobiol 52, 1119-36.

Ananthaswamy, H. N., Price, J. E., Goldberg, L. H., and Bales, E. S.: Detection and identification of
activated oncogenes in human skin cancers occurring on sun-exposed body sites. (1988). Cancer Res
48, 3341-6.

Anasthaswamy, H. N., Applegate, L. A., Goldberg, L. H., and Bales, E. S.: Deletion of the c-Ha-ras-1
Allele in Human Skin Cancers. (1989). Mol Carcinog 2,298-301.

Andre, P., Kim, A., Khrapko, K., and Thilly, W. G.: Fidelity and mutational spectrum of Pfu DNA
polymerase on a human mitochondrial DNA sequence. (1997). Genome Res 7, 843-52.

Asplund, A., Zhongmin, G., Xinrong, H., Wassberg, C., Ponten, J., and Ponten, F.: Mosaic pattern of
maternal and paternal keratinocyte clones in normal human epidermis revealed by analysis of X-
chromosome inactivation. (2001). J. Invest. Dermatol. In press.

Aszterbaum, M., Epstein, J., Oro, A., Douglas, V., LeBoit, P. E., Scott, M. P., and Epstein, E. H., Jr.:
Ultraviolet and ionizing radiation enhance the growth of BCCs and trichoblastomas in patched
heterozygous knockout mice. (1999). Nat Med 5, 1285-91.

Becker, I., Becker, K. F., Rohrl, M. H., Minkus, G., Schutze, K., and Hofler, H.: Single-cell mutation
analysis of tumors from stained histologic slides. (1996). Lab Invest 75, 801-7.

Benchimol, S., Lamb, P., Crawford, L. V., Sheer, D., Shows, T. B., Bruns, G. A., and Peacock, J.:
Transformation associated p53 protein is encoded by a gene on human chromosome 17. (1985). Somat
Cell Mol Genet 11, 505-10.

Berg, C., Hedrum, A., Holmberg, A., Pontén, F., Uhlén, M., and Lundeberg, J.: Direct solid-phase
sequence analysis of the human p53 gene using multiplex PCR and a-thiotriphosphate nucleotides.
(1995). Clin Chem 41, 1461-1466.

Berg, R. J., van Kranen, H. J., Rebel, H. G., de Vries, A., van Vloten, W. A., Van Kreijl, C. F., van der
Leun, J. C., and de Gruijl, F. R.: Early p53 alterations in mouse skin carcinogenesis by UVB radiation:
Immunohistochemical detection of mutant p53 protein in clusters of preneoplastic epidermal cells.
(1996). Proc Natl Acad Sci U S A 93, 274-278.

Berne, B., and Fischer, T.: Protective effects of various types of clothes against UV radiation. (1980).
Acta Derm Venereol 60, 459-60.

Berne, B., Ponten, J., and Ponten, F.: Decreased p53 expression in chronically sun-exposed human skin
after topical photoprotection. (1998). Photodermatol Photoimmunol Photomed 14, 148-53.

Bernsen, M. R., Dijkman, H. B., de Vries, E., Figdor, C. G., Ruiter, D. J., Adema, G. J., and van
Muijen, G. N.: Identification of multiple mRNA and DNA sequences from small tissue samples
isolated by laser-assisted microdissection. (1998). Lab Invest 78, 1267-73.

Bonifas, J. M., Pennypacker, S., Chuang, P. T., McMahon, A. P., Williams, M., Rosenthal, A., De
Sauvage, F. J., and Epstein, E. H., Jr.: Activation of expression of hedgehog target genes in basal cell
carcinomas. (2001). J Invest Dermatol 116, 739-42.

Borresen, A. L., Andersen, T. L., Eyfjord, J. E., Cornelis, R. S., Thorlacius, S., Borg, A., Johansson, U.,
Theillet, C., Scherneck, S., Hartman, S., and et al.: TP53 mutations and breast cancer prognosis:
particularly poor survival rates for cases with mutations in the zinc-binding domains. (1995). Genes
Chromosomes Cancer 14, 71-5.

Borresen-Dale, A. L., Lothe, R. A., Meling, G. 1., Hainaut, P., Rognum, T. O., and Skovlund, E.: TP53
and long-term prognosis in colorectal cancer: mutations in the L3 zinc-binding domain predict poor
survival. (1998). Clin Cancer Res 4,203-10.

Boukamp, P., Petrussevska, R. T., Breitkreutz, D., Hornung, J., Markham, A., and Fusenig, N. E.:
Normal keratinization in a spontaneously immortalized aneuploid human keratinocyte cell line. (1988).
J Cell Biol 106, 761-71.

53



Boyd, A., Naylor, M., Cameron, G., Pearse, A., Gaskell, S., and Neldner, K.: The effects of chronic
sunscreen use on the histologic changes of dermatoheliosis. (1995). Journal of the American Academy
of Dermatology 33, 941-946.

Brash, D. E.: UV mutagenic photoproducts in Escherichia coli and human cells: a molecular genetics
perspective on human skin cancer. (1988). Photochem Photobiol 48, 59-66.

Brash, D. E., and Ponten, J.: Skin precancer. (1998). Cancer Surv 32, 69-113.

Brash, D. E., Ziegler, A., Jonason, A. S., Simon, J. A., Kunala, S., and Leffell, D. J.: Sunlight and
sunburn in human skin cancer: p53, apoptosis, and tumor promotion. (1996). J Investig Dermatol Symp
Proc 1, 136-42.

Buckbinder, L., Talbott, R., Velasco-Miguel, S., Takenaka, 1., Faha, B., Seizinger, B. R., and Kley, N.:
Induction of the growth inhibitor IGF-binding protein 3 by p53. (1995). Nature 377, 646-9.

Burren, R., Scaletta, C., Frenk, E., Panizzon, R. G., and Applegate, L. A.: Sunlight and carcinogenesis:
expression of p53 and pyrimidine dimers in human skin following UVA I, UVA T + II and solar
simulating radiations. (1998). Int J Cancer 76, 201-6.

Bykov, V. J., Jansen, C. T., and Hemminki, K.: High levels of dipyrimidine dimers are induced in
human skin by solar-simulating UV radiation. (1998a). Cancer Epidemiol Biomarkers Prev 7, 199-202.

Bykov, V. J., Marcusson, J. A., and Hemminki, K.: Ultraviolet B-induced DNA damage in human skin
and its modulation by a sunscreen. (1998b). Cancer Res 58, 2961-4.

Bykov, V. J., Sheehan, J. M., Hemminki, K., and Young, A. R.: In situ repair of cyclobutane
pyrimidine dimers and 6-4 photoproducts in human skin exposed to solar simulating radiation. (1999).
J Invest Dermatol 112, 326-31.

Campbell, C., Quinn, A. G., Angus, B., Farr, P. M., and Rees, J. L.: Wavelength specific patterns of
p53 induction in human skin following exposure to UV irradiation. (1993). Cancer Res 53, 2697-2699.

Carpenter, D., Stone, D. M., Brush, J., Ryan, A., Armanini, M., Frantz, G., Rosenthal, A., and de
Sauvage, F. J.: Characterization of two patched receptors for the vertebrate hedgehog protein family.
(1998). Proc Natl Acad Sci U S A 95, 13630-4.

Cerroni, L., Arzberger, E., Putz, B., Hofler, G., Metze, D., Sander, C. A., Rose, C., Wolf, P., Rutten,
A., McNiff, J. M., and Kerl, H.: Primary cutaneous follicle center cell lymphoma with follicular growth
pattern. (2000). Blood 95, 3922-8.

D'Errico, M., Calcagnile, A., Canzona, F., Didona, B., Posteraro, P., Cavalieri, R., Corona, R.,
Vorechovsky, I., Nardo, T., Stefanini, M., Dogliotti, E., Rebel, H., Mosnier, L. O., Berg, R. J.,
Westerman-de Vries, A., van Steeg, H., van Kranen, H. J., and de Gruijl, F. R.: UV mutation signature
in tumor suppressor genes involved in skin carcinogenesis in xeroderma pigmentosum patients. (2000).
Oncogene 19, 463-7.

Donehower, L. A.: The p53-deficient mouse: a model for basic and applied cancer studies. (1996).
Semin Cancer Biol 7,269-78.

El-Deiry, W. S., Tokino, T., Veiculescu, D. B., Levy, D. B., Parsons, R., Trent, J. M., Lin, D., Mercer,
W. E., Kinzler, K. W., and Vogelstein, B.: WAFI, a potential mediator of p53 tumor suppression.
(1993). Cell 75, 817-825.

Emmert-Buch, M. R., Bonner, R. F., Smith, P. D., Chuaqui, R., Zhuang, Z., Goldstein, S. R., Weiss, R.,
and Liotta, L. A.: Laser capture microdissection. (1996). Science 274, 998-1000.

Epstein, J. H., and Roth, H. L.: Experimental ultraviolet light carcinogenesis: a study of croton oil
promoting effects. (1968). J Invest Dermatol 50, 387-9.

Evans, D., Ladusans, E. J., Rimmer, S., Burnell, L. D., Thakker, N., and Farndon, P. A.: Complications
of the naevoid basal cell carcinoma syndrome: results of a population based study. (1993). J Med Genet
30, 460-464.

Fearon, E. R., and Vogelstein, B.: A genetic model for colorectal tumorigenesis. (1990). Cell 61, 759-
767.

Findlay, 1., Matthews, P., and Quirke, P.: Multiple genetic diagnoses from single cells using multiplex
PCR: reliability and allele dropout. (1998). Prenat Diagn 18, 1413-21.

54



Fisher, D. E.: Apoptosis in cancer therapy: crossing the threshold. (1994). Cell 78, 539-42.
Fuchs, E.: Epidermal differentiation: the bare essentials. (1990). J Cell Biol 111, 2807-14.
Fuchs, E., and Segre, J. A.: Stem cells: a new lease on life. (2000). Cell 100, 143-55.

Gailani, M. R., and Bale, A. E.: Developmental genes and cancer: Role of patched in basal cell
carcinoma of the skin. (1997). J. Nat. Cancer Inst. 89, 1103-1108.

Gailani, M. R., Leffell, D. J., Ziegler, A., Gross, E. G., Brash, D. E., and Bale, A. E.: Relationship
between sunlight exposure and a key genetic alteration in basal cell carcinoma. (1996a). J Natl Cancer
Inst 88, 349-54.

Gailani, M. R., Stahle Backdahl, M., Leffell, D. J., Glynn, M., Zaphiropoulos, P. G., Pressman, C.,
Undén, A. B., Dean, M., Brash, D. E., Bale, A. E., and Toftgard, R.: The role of the human homologue
of Drosophila patched in sporadic basal cell carcinomas. (1996b). Nat Genet 14, 78-81.

Gallagher, R. P., Hill, G. B., Bajdik, C. D., Fincham, S., Coldman, A. J., McLean, D. 1., and Threlfall,
W. J.: Sunlight exposure, pigmentary factors, and risk of nonmelanocytic skin cancer. I. Basal cell
carcinoma. (1995). Arch Dermatol 131, 157-63.

Ganguli, G., Abecassis, J., and Wasylyk, B.: MDM2 induces hyperplasia and premalignant lesions
when expressed in the basal layer of the epidermis. (2000). Embo J 19, 5135-47.

Garvin, A. M., Holzgreve, W., and Hahn, S.: Highly accurate analysis of heterozygous loci bysingle
cell PCR. (1998). Nucleic Acids Res 26, 3468-72.

Gorlin, R. J.: Nevoid basal cell carcinoma syndrome. (1995). Dermatol-Clin 13, 113-25.

Green, A., Battistutta, D., Hart, V., Leslie, D., and Weedon, D.: Skin cancer in a subtropical Australian
population: incidence and lack of association with occupation. The Nambour Study Group. (1996). Am
J Epidemiol 144, 1034-40.

Green, A., Williams, G., Neale, R., Hart, V., Leslie, D., Parsons, P., Marks, G. C., Gaftney, P.,
Battistutta, D., Frost, C., Lang, C., and Russell, A.: Daily sunscreen application and betacarotene
supplementation in prevention of basal-cell and squamous-cell carcinomas of the skin: a randomised
controlled trial. (1999). Lancet 354, 723-9.

Gupta, A. K., Cardella, C. J., and Haberman, H. F.: Cutaneous malignant neoplasms in patients with
renal transplants. (1986). Arch Dermatol 122, 1288-93.

Hahn, H., Wiking, C., Zaphiropoulos, P. G., Gailani, M. R., Shanley, S., Chidambaram, A.,
Vorechovsky, 1., Holmberg, E., Unden, A. B., Gillies, S., Negus, K., Smyth, 1., Pressman, C., Leffell,
D. J., Gerrard, B., Goldstein, A. M., Dean, M., Toftgard, R., Chenevix-Trench, G., Wainwright, B., and
Bale, A. E.: Mutations of the human homolog of Drosophila patched in the nevoid basal cell carcinoma
syndrome. (1996). Cell 85, 841-851.

Hall, P. A., McKee, P. H., Menage, H. D., Dover, R., and Lane, D. P.: High levels of p53 protein in
UV-irradiated normal human skin. (1993). Oncogene 8, 203-7.

Hanahan, D., and Weinberg, R. A.: The hallmarks of cancer. (2000). Cel/l 100, 57-70.

Hashimoto, T., Tokuchi, Y., Hayashi, M., Kobayashi, Y., Nishida, K., Hayashi, S., Ishikawa, Y.,
Tsuchiya, S., Nakagawa, K., Hayashi, J., and Tsuchiya, E.: p53 null mutations undetected by
immunohistochemical staining predict a poor outcome with early-stage non-small cell lung carcinomas.
(1999). Cancer Res 59, 5572-7.

He, T. C., Sparks, A. B., Rago, C., Hermeking, H., Zawel, L., da Costa, L. T., Morin, P. J., Vogelstein,
B., and Kinzler, K. W.: Identification of c-MYC as a target of the APC pathway. (1998). Science 281,
1509-12.

Hoeijmakers, J. H.: Genome maintenance mechanisms for preventing cancer. (2001). Nature 411, 366-
74.

Hutchinson, F.: Induction of tandem-base change mutations. (1994). Mutat Res 309, 11-5.

Jensen, U. B., Lowell, S., and Watt, F. M.: The spatial relationship between stem cells and their
progeny in the basal layer of human epidermis: a new view based on whole-mount labelling and
lineage analysis. (1999). Development 126, 2409-18.

55



Johnson, R. L., Rothman, A. L., Xie, J., Goodrich, L. V., Bare, J. W., Bonifas, J. M., Quinn, A. G.,
Myers, R. M., Cox, D. R., Epstein Jr, E. H., and Scott, M. P.: Human homolog of patched, a candidate
gene for the basal cell nevus syndrome. (1996). Science 272, 1668-1671.

Jonason, A. S., Kunala, S., Price, G. J., Restifo, R. J., Spinelli, H. M., Persing, J. A., Leffell, D. J.,,
Tarone, R. E., and Brash, D. E.: Frequent clones of p5S3-mutated keratinocytes in normal human skin.
(1996). Proc Natl Acad Sci USA 93, 14025-9.

Kaghad, M., Bonnet, H., Yang, A., Creancier, L., Biscan, J. C., Valent, A., Minty, A., Chalon, P.,
Lelias, J. M., Dumont, X., Ferrara, P., McKeon, F., and Caput, D.: Monoallelically expressed gene
related to p53 at 1p36, a region frequently deleted in neuroblastoma and other human cancers. (1997).
Cell 90, 809-19.

Kaur, P., and Li, A.: Adhesive properties of human basal epidermal cells: an analysis of keratinocyte
stem cells, transit amplifying cells, and postmitotic differentiating cells. (2000). J Invest Dermatol 114,
413-20.

Kawanishi, S., Hiraku, Y., and Oikawa, S.: Mechanism of guanine-specific DNA damage by oxidative
stress and its role in carcinogenesis and aging. (2001). Mutat Res 488, 65-76.

Kinzler, K. W., and Vogelstein, B.: Cancer-susceptibility genes. Gatekeepers and caretakers [news;
comment]. (1997). Nature 386, 761,.

Knudson, A. G., Jr., Hethcote, H. W., and Brown, B. W.: Mutation and childhood cancer: a
probabilistic model for the incidence of retinoblastoma. (1975). Proc Natl Acad Sci U S A 72, 5116-20.

Knudson Jr., A. G.: Mutation and cancer: Statistical study of retinoblastoma. (1971). Proc Natl Acad
Sci USA 68, 820-823.

Kricker, A., Armstrong, B. K., English, D. R., and Heenan, P. J.: A dose-response curve for sun
exposure and basal cell carcinoma. (1995). Int J Cancer 60, 482-488.

Lakin, N. D., and Jackson, S. P.: Regulation of p53 in response to DNA damage. (1999). Oncogene 18,
7644-55.

Lane, D. P.: p53, guardian of the genome. (1992). Nature 358, 15-16.

Lehmann, U., Glockner, S., Kleeberger, W., von Wasielewski, H. F., and Kreipe, H.: Detection of gene
amplification in archival breast cancer specimens by laser-assisted microdissection and quantitative
real-time polymerase chain reaction. (2000). Am J Pathol 156, 1855-64.

Levine, A. J.: p53, the cellular gatekeeper for growth and division. (1997). Cell 88, 323-31.

Li, G, Ho, V. C., Mitchell, D. L., Trotter, M. J., Tron, V. A., Green, A., Williams, G., Neale, R., Hart,
V., Leslie, D., Parsons, P., Marks, G. C., Gaftney, P., Battistutta, D., Frost, C., Lang, C., and Russell,
A.: Differentiation-dependent p53 regulation of nucleotide excision repair in keratinocytes. (1997). Am
J Pathol 150, 1457-64.

Ljungman, M., Zhang, F., Chen, F., Rainbow, A. J., and McKay, B. C.: Inhibition of RNA polymerase
I as a trigger for the p53 response. (1999). Oncogene 18, 583-92.

Maltzman, W., and Czyzyk, L.: UV irradiation stimulates levels of p53 cellular tumor antigen in
nontransformed mouse cells. (1984). Mol Cell Biol 4, 1689-94.

May, P., and May, E.: Twenty years of p53 research: structural and functional aspects of the p53
protein. (1999). Oncogene 18, 7621-36.

Miller, A., Chamberlain, J., Day, N., Hakama, M., and Prorok, P.: Report on a workshop of the UICC
project on evaluation of screening for cancer. (1990). Int J Cancer 46, 761-769.

Miller, J. H.: Mutagenic specificity of ultraviolet light. (1985). J Mol Biol 182, 45-65.

Mitchell, D. L., and Nairn, R. S.: The biology of the (6-4) photoproduct. (1989). Photochem Photobiol
49, 805-19.

Miyashita, T., and Reed, J. C.: Tumor suppressor p53 is a direct transcriptional activator of the human
bax gene. (1995). Cell 80, 293-299.

56



Motoyama, J., Heng, H., Crackower, M. A., Takabatake, T., Takeshima, K., Tsui, L. C., and Hui, C.:
Overlapping and non-overlapping Ptch2 expression with Shh during mouse embryogenesis. (1998a).
Mech Dev 78, 81-4.

Motoyama, J., Takabatake, T., Takeshima, K., and Hui, C.: Ptch2, a second mouse Patched gene is co-
expressed with Sonic hedgehog. (1998b). Nat Genet 18, 104-6.

Nelson, W. G., and Kastan, M. B.: DNA strand breaks: the DNA template alterations that trigger p53-
dependent DNA damage response pathways. (1994). Mol-Cell-Biol 14, 1815-23.

Nilsson, M., Unden, A. B., Krause, D., Malmqwist, U., Raza, K., Zaphiropoulos, P. G., and Toftgard,
R.: Induction of basal cell carcinomas and trichoepitheliomas in mice overexpressing GLI-1. (2000).
Proc Natl Acad Sci U S A 97, 3438-43.

Nishigori, C., Yarosh, D. B., Donawho, C., and Kripke, M. L.: The immune system in ultraviolet
carcinogenesis. (1996). Journal of Investigative Dermatology Symposium Proceedings 1, 143-146.

Nusse, R.: WNT targets. Repression and activation. (1999). Trends Genet 15, 1-3.

Oliner, J. D., Pietenpol, J. A., Thiagalingam, S., Gyuris, J., Kinzler, K. W., and Vogelstein, B.:
Oncoprotein MDM?2 conceals the activation domain of tumour suppressor p53. (1993). Nature 362,
857-60.

Oro, A. E., Higgins, K. M., Hu, Z., Bonifas, J. M., Epstein Jr., E. H., and Scott, M. P.: Basal cell
carcinomas in mice overexpressing Sonic Hedgehog. (1997). Science 276, 817-821.

Ory, K., Legros, Y., Auguin, C., and Soussi, T.: Analysis of the most representative tumour-derived
p53 mutants reveals that changes in protein conformation are not correlated with loss of transactivation
or inhibition of cell proliferation. (1994). Embo J 13, 3496-504.

Osada, M., Ohba, M., Kawahara, C., Ishioka, C., Kanamaru, R., Katoh, 1., Ikawa, Y., Nimura, Y.,
Nakagawara, A., Obinata, M., and Ikawa, S.: Cloning and functional analysis of human p51, which
structurally and functionally resembles p53. (1998). Nat Med 4, 839-43.

Oshima, H., Rochat, A., Kedzia, C., Kobayashi, K., and Barrandon, Y.: Morphogenesis and renewal of
hair follicles from adult multipotent stem cells. (2001). Cell 104, 233-45.

Ouhtit, A., Nakazawa, H., Armstrong, B. K., Kricker, A., Tan, E., Yamasaki, H., and English, D. R.:
UV-radiation-specific p53 mutation frequency in normal skin as a predictor of risk of basal cell
carcinoma. (1998). J Natl Cancer Inst 90, 523-31.

Paus, R., Muller-Rover, S., Van Der Veen, C., Maurer, M., Eichmuller, S., Ling, G., Hofmann, U.,
Foitzik, K., Mecklenburg, L., and Handjiski, B.: A comprehensive guide for the recognition and
classification of distinct stages of hair follicle morphogenesis. (1999). J Invest Dermatol 113, 523-32.

Pontén, F., Berg, C., Ahmadian, A., Ren, Z.-P., Nistér, M., Lundeberg, J., Uhlén, M., and Pontén, J.:
Molecular pathology in basal cell cancer with p53 as a genetic marker. (1997a). Oncogene 15, 1059-
1067.

Pontén, F., Berne, B., Ren, Z., Nistér, M., and Pontén, J.: Ultraviolet light induces expression of p53
and p21 in human skin; effect of sunscreen and constitutive p21 expression in skin appendages. (1995).
J. Invest. Dermatol. 105, 402-406.

Ponten, F., Lindman, H., Bostrom, A., Berne, B., and Bergh, J.: Induction of p53 expression in skin by
radiotherapy and UV radiation: a randomized study. (2001). J Natl Cancer Inst 93, 128-33.

Pontén, F., Williams, C., Ling, G., Afshin, A., Nistér, M., Lundeberg, J., Pontén, J., and Uhlén, M.:
Genomic analysis of single cells from human basal cell using laser-assisted capture microscopy.
(1997b). Mutation Research Genomics 382, 45-55.

Potten, C. S.: The epidermal proliferative unit: the possible role of the central basal cell. (1974). Cell
Tissue Kinet 7, 77-88.

Rebel, H., Mosnier, L. O., Berg, R. J., Westerman-de Vries, A., van Steeg, H., van Kranen, H. J., and
de Gruijl, F. R.: Early p53-positive foci as indicators of tumor risk in ultraviolet-exposed hairless mice:
kinetics of induction, effects of DNA repair deficiency, and p53 heterozygosity. (2001). Cancer Res 61,
977-83.

57



Rechitsky, S., Strom, C., Verlinsky, O., Amet, T., Ivakhnenko, V., Kukharenko, V., Kuliev, A., and
Verlinsky, Y.: Allele dropout in polar bodies and blastomeres. (1998). J Assist Reprod Genet 15, 253-7.

Ren, Z.-P., Hedrum, A., Pontén, F., Nistér, M., Ahmadian, A., Lundeberg, J., Uhlén, M., and Pontén,
J.: Human epidermal cancer and accompanying precursors have identical p53 mutations different from
p53 mutations in adjacent areas of clonally expanded non-neoplastic keratinocytes. (1996a). Oncogene
12, 765-773.

Ren, Z.-P., Pontén, F., Nistér, M., and Pontén, J.: Two distinct p5S3 immunohistochemical patterns in
human squamous cell skin cancer, precursors and normal epidermis. (1996b). Int J Cancer 66, 174-
182.

Ren, Z.-P., Pontén, F., Nistér, M., and Pontén, J.: Reconstruction of the two dimensional distribution of
p53 positive staining patches in sun exposed morphologically normal skin. (1997). Int. J. Oncol. 11,
111-115.

Rosenstein, B. S., and Mitchell, D. L.: The repair of DNA damages induced in normal human skin
fibroblasts exposed to simulated sunlight. (1991). Radiat Res 126, 338-42.

Sakamuro, D., Sabbatini, P., White, E., and Prendergast, G. C.: The polyproline region of p53 is
required to activate apoptosis but not growth arrest. (1997). Oncogene 15, 887-98.

Sarasin, A.: The molecular pathways of ultraviolet-induced carcinogenesis. (1999). Mutat Res 428, 5-
10.

Schiitze, K., and Clement-Sengewald, A.: Catch and move - cut or fuse. (1994). Nature 368, 667-669.

Schutze, K., and Lahr, G.: Identification of expressed genes by laser-mediated manipulation of single
cells. (1998). Nat Biotechnol 16, 737-42.

Seite, S., Colige, A., Piquemal-Vivenot, P., Montastier, C., Fourtanier, A., Lapiere, C., and Nusgens,
B.: A full-UV spectrum absorbing daily use cream protects human skin against biological changes
occurring in photoaging. (2000a). Photodermatol Photoimmunol Photomed 16, 147-55.

Seite, S., Moyal, D., Verdier, M. P., Hourseau, C., and Fourtanier, A.: Accumulated p53 protein and
UVA protection level of sunscreens. (2000b). Photodermatol Photoimmunol Photomed 16, 3-9.

Selivanova, G., Iotsova, V., Okan, I., Fritsche, M., Strom, M., Groner, B., Grafstrom, R. C., and
Wiman, K. G.: Restoration of the growth suppression function of mutant p53 by a synthetic peptide
derived from the p53 C-terminal domain. (1997). Nat Med 3, 632-8.

Setlow, R. B., Grist, E., Thompson, K., and Woodhead, A. D.: Wavelengths effective in induction of
malignant melanoma. (1993). Proc Natl Acad Sci U S A 90, 6666-70.

Sidransky, D.: Is human patched the gatekeeper of common skin cancers? (1996). Nat Genet 14, 7-8.

Smyth, 1., Narang, M. A., Evans, T., Heimann, C., Nakamura, Y., Chenevix-Trench, G., Pietsch, T.,
Wicking, C., and Wainwright, B. J.: Isolation and characterization of human patched 2 (PTCH2), a
putative tumour suppressor gene inbasal cell carcinoma and medulloblastoma on chromosome 1p32.
(1999). Hum Mol Genet 8, 291-7.

Storey, A., Thomas, M., Kalita, A., Harwood, C., Gardiol, D., Mantovani, F., Breuer, J., Leigh, I. M.,
Matlashewski, G., and Banks, L.: Role of a p53 polymorphism in the development of human
papillomavirus- associated cancer. (1998). Nature 393, 229-34.

Strickland, P. T.: Photocarcinogenesis by near-ultraviolet (UVA) radiation in Sencar mice. (1986). J
Invest Dermatol 87, 272-5.

Suarez-Quian, C. A., Goldstein, S. R., Pohida, T., Smith, P. D., Peterson, J. I., Wellner, E., Ghany, M.,
and Bonner, R. F.: Laser capture microdissection of single cells from complex tissues. (1999).
BioTechniques 26, 328-35.

Tabata, H., Nagano, T., Ray, A., Flanagan, N., Birch-MacHin, M., and Rees, J.: Low frequency of
genetic change in p53 immunopositive clones in human epidermis. (1999). J Invest Dermatol 113, 972-
976.

Taipale, J., Beachy, P. A., and Levine, A. J.: The Hedgehog and Wnt signalling pathways in cancer.
(2001). Nature 411, 349-54.

58



Taira, J., Mimura, K., Yoneya, T., Hagi, A., Murakami, A., and Makino, K.: Hydroxyl radical
formation by UV-irradiated epidermal cells. (1992). J Biochem (Tokyo) 111, 693-5.

Taylor, G., Lehrer, M., Jensen, P., Sun, T., and Lavker, R.: Involvement of follicular stem cells in
forming not only the follicle but also the epidermis. (2000). Cell, 451-461.

Tennant, R. W., Spalding, J., and French, J. E.: Evaluation of transgenic mouse bioassays for
identifying carcinogens and noncarcinogens. (1996). Mutat Res 365, 119-27.

Tetsu, O., and McCormick, F.: Beta-catenin regulates expression of cyclin D1 in colon carcinoma cells.
(1999). Nature 398, 422-6.

Thompson, S., Jolley, D., and Marks, R.: Reduction of solar keratoses by regular sunscreen use. (1993).
N Engl J Med 329, 1147-1151.

Tindall, K. R., and Kunkel, T. A.: Fidelity of DNA synthesis by the Thermus aquaticus DNA
polymerase. (1988). Biochemistry 27, 6008-13.

Ueda, M., Ouhtit, A., Bito, T., Nakazawa, K., Lubbe, J., Ichihashi, M., Yamasaki, H., and Nakazawa,
H.: Evidence for UV-associated activation of telomerase in human skin. (1997). Cancer Res 57, 370-4.

Undén, A., Holmberg, E., Lundh-Rozell, B., Stdhle-Backdahl, M., Zaphiropoulos, P., Toftgard, R., and
Vorechovsky, 1.: Mutations in the human homolog of the Drosophila patched in basal cell carcinomas
and the Gorlin syndrome. Different in vivo mnechanisms of PTC inactivation. (1996). Cancer Res 56,
4562-4565.

Undén, A. B., Zaphiropoulos, P. G., Bruce, K., Toftgard, R., and Stdhle-Biackdahl, M.: Human patched
(PTCH) mRNA is overexpressed consistently in tumor cells of both familial and sporadic basal cell
carcinoma. (1997). Cancer Res 57, 2336-2340.

van der Schroeff, J. G., Evers, L. M., Boot, A. J., and Bos, J. L.: Ras oncogene mutations in basal cell
carcinomas and squamous cell carcinomas of human skin. (1990). J Invest Dermatol 94, 423-5.

van Kranen, H. J., and de Gruijl, F. R.: Mutations in cancer genes of UV-induced skin tumors of
hairless mice. (1999). J Epidemiol 9, S58-65.

Volante, M., Papotti, M., Roth, J., Saremaslani, P., Speel, E. J., Lloyd, R. V., Carney, J. A., Heitz, P.
U., Bussolati, G., and Komminoth, P.: Mixed medullary-follicular thyroid carcinoma. Molecular
evidence for a dual origin of tumor components. (1999). Am J Pathol 155, 1499-509.

Walch, A. K., Zitzelsberger, H. F., Bruch, J., Keller, G., Angermeier, D., Aubele, M. M., Mueller, J.,
Stein, H., Braselmann, H., Siewert, J. R., Hofler, H., and Werner, M.: Chromosomal imbalances in
Barrett's adenocarcinoma and the metaplasia-dysplasia-carcinoma sequence. (2000). Am J Pathol 156,
555-66.

Wang, X. Q., Ongkeko, W. M., Lau, A. W., Leung, K. M., and Poon, R. Y.: A possible role of p73 on
the modulation of p53 level through MDM?2. (2001). Cancer Res 61, 1598-603.

Wicking, C., Shanley, S., Smyth, I., Gillies, S., Negus, K., Graham, S., Suthers, G., Haites, N.,
Edwards, M., Wainwright, B., and Chenevix-Trench, G.: Most germ-line mutations in the nevoid basal
cell carcinoma syndrome lead to a premature termination of the PATCHED protein, and no genotype-
phenotype correlations are evident. (1997). Am J Hum Genet 60, 21-6.

Wikonkal, N. M., and Brash, D. E.: Ultraviolet radiation induced signature mutations in
photocarcinogenesis. (1999). J Investig Dermatol Symp Proc 4, 6-10.

Wilkinson R, and Eblling: Textbook of Dermatology. Sth ed, Edited by R. Champion, J.L. Burton, and
F.J.G. Ebling. Oxford Blackwell Scientific Publications, Vol. 2. 1992

Tornaletti, S., and Pfeifer, G. P.: UV damage and repair mechanisms in mammalian cells. (1996).
Bioessays 18,221-8.

Williams, C., Ponten, F., Ahmadian, A., Ren, Z. P., Ling, G., Rollman, O., Ljung, A., Jaspers, N. G.,
Uhlen, M., Lundeberg, J., and Ponten, J.: Clones of normal keratinocytes and a variety of
simultaneously present epidermal neoplastic lesions contain a multitude of p53 gene mutations in a
xeroderma pigmentosum patient. (1998). Cancer Res 58, 2449-2455.

59



Wolf, P., Yarosh, D. B., and Kripke, M. L.: Effects of sunscreens and a DNA excision repair enzyme
on ultraviolet radiation-induced inflammation, immune suppression, and cyclobutane pyrimidine dimer
formation in mice. (1993). J Invest Dermatol 101, 523-7.

Yew, P. R., and Berk, A. J.: Inhibition of p53 transactivation required for transformation by adenovirus
early 1B protein. (1992). Nature 357, 82-5.

Yoshikawa, T., Rae, V., Bruins-Slot, W., Van den Berg, J. W., Taylor, J. R., and Streilein, J. W.:
Susceptibility to effects of UVB radiation on induction of contact hypersensitivity as a risk factor for
skin cancer in humans. (1990). J Invest Dermatol 95, 530-6.

Young, A. R., Chadwick, C. A., Harrison, G. 1., Hawk, J. M. L., Nikaido, O., and Potten, C. S.: The in
situ repair kinetics of epidermal thymine dimers and 6-4 photoproducts in human skin types I and II.
(1996). J. Invest. Dermatol. 106, 1307-1313.

Young, A. R., Sheehan, J. M., Chadwick, C. A., and Potten, C. S.: Protection by ultraviolet A and B
sunscreens against in situ dipyrimidine photolesions in human epidermis is comparable to protection
against sunburn. (2000). J Invest Dermatol 115, 37-41.

Zaphiropoulos, P. G., Unden, A. B., Rahnama, F., Hollingsworth, R. E., and Toftgard, R.: PTCH2, a
novel human patched gene, undergoing alternative splicing and up-regulated in basal cell carcinomas.
(1999). Cancer Res 59, 787-92.

Ziegler, A., Jonason, A. S., Leffel, D. J., Simon, J. A., Sharma, H. W., Kimmelman, J., Remington, L.,
Jacks, T., and Brash, D. E.: Sunburn and p53 in the onset of skin cancer. (1994). Nature 372, 773-776.

Ziegler, A.-M., Leffell, D. J., Kunala, S., Sharma, H. W., Gailani, M., Simon, J. A., Halperin, A. J.,
Baden, H. P., Shapiro, P. E., Bale, A. E., and Brash, D. E.: Mutation hotspots due to sunlight in the p53
gene of nonmelanoma skin cancers. (1993). Proc. Natl. Acad. Sci. 90, 4216-4220.

60



	ABSTRACT
	TABLE OF CONTENTS
	ABBREVIATIONS
	Background
	Introduction
	Human skin
	The p53 gene
	p53 in normal human skin
	Ultraviolet radiation
	DNA damage and DNA repair
	Photo- protection
	Basal cell cancer
	PTCH and hedgehog pathway

	AIMS OF THE PRESENT INVESTIGATION
	Materials and Methods
	Biopsies from healthy volunteers
	Biopsies from sporadic basal cell cancers and Gorlin patients
	HaCaT cells
	Simulating ultraviolet radiation
	Microdissections
	Scalpel microdissection
	Laser microdissection
	Immunohistochemistry and immunofluorescence

	In situ hybridization
	PCR and direct DNA sequencing
	Loss of heterozygosity

	Results and Discussion
	Simultaneous visualization of UVR- induced DNA damage and subsequent p53 response in human epidermal keratinocytes in situ (Paper I)
	p53 gene analysis in single cells (Papers II and III)
	PTCH and p53 gene alterations in basal cell cancer (Paper IV)

	CONCLUSIONS
	Acknowledgements:
	References

