Biomarkors in Cancer Chemopreventiorr
Miter, A.B., Bausch, H., Bottetta, P., Draeted, L and Vainc, H. rids
ARC Scientific Publications No. 154
Internat oral Agency for Research on Cancer, Lyon, 2001

Genetically determined susceptibilitiso
markers in skin cancer and their
application to chemoprevention
Development of skin cancer is a result of interactions between genetic and environmental
factors. Exposure to sunlight is an established cause of non-melanoma skin cancer as well as
of melanoma. Other additional factors such as exposure to environmental chemicals (e.g.,
chimney soot, arsenic compounds), chronic irritation of the skin, viral infections and the
immune status of the host may predispose to skin cancer. The high incidence of skin cancer
highlights the need for development of more effective chemopreventive agents. This requires
a better understanding of genetically determined host susceptibility, which is increasingly
acknowledged as a major factor in the causation of skin tumours.

Introduction
Skin cancer accounts for approximately one third
of all newly diagnosed cancers in the United States
(Boring et al., 1994). Non-melanoma skin cancers
are the most common cancers in the white population, with 900 000 to 1200 000 new cases diagnosed annually in the United States (Miller &
Weinstock, 1994). The most frequently diagnosed
cancer in this group is basal-cell carcinoma (BCC),
followed by squamous-cell carcinoma (5CC). The
incidence of non-melanoma skin cancers is rising
worldwide and it has been estimated that 28% to
33% of Caucasians born after 1994 will develop a
basal-cell carcinoma in their lifetime (Miller &
Weinstock, 1994; Hughes et al., 1995; Gloster &
Brodland, 1996). In 1997, more than 40 000 cases
of cutaneous melanoma were diagnosed in the
United States (Gilchrest et al., 1999). The incidence
of no other cancer is increasing so fast, and mortality from cutaneous melanoma has doubled in
the last 35-40 years (Balch et al., 1997).
The reason for the increasing incidence of skin
cancer is unclear. Increased recreational exposure
to sunlight may play a major role, as may an
increase in the ultraviolet (UV) radiation that
reaches the Earth's surface (Balch et al., 1997).
Another factor is probably the increased use of
sunscreens which induce individuals to spend
more time outdoors. Sunscreens are very effective

in preventing sunburn. However, there is no
unequivocal evidence that they protect against
melanoma formation (Ley & Reeve, 1997).
The identification of genes underlying several
rare hereditary syndromes associated with
increased skin cancer incidence has had an enormous impact on the understanding of cutaneous
malignancies at the molecular level (Halpern &
Altman, 1999). Additionally, evidence is emerging
that allelic variants of genes involved in detoxification of a variety of exogenous and endogenous
substrates may also contribute to the increased
number of skin tumours (Lear et al., 2000).
Furthermore, it is likely that a number of still
unknown genetic modifiers influencing individual
susceptibility to skin cancer segregate within the
population and their identification should allow
better assessment of individual skin cancer risk
(Nagase et al., 1999).
1-ligh-penetrance susceptibility genes
Inherited conditions entailing increased predisposition to skin cancer and the underlying genes are
listed in Table 1,
Albinism
Albinism comprises a group of genetic disorders
characterized by deficient synthesis of the pigment
melanin. Oculocutaneous albinism Type 1 (OCAI;
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Disease

Gene defect or gene Locus

Oculocutaneous albinism
Xerodema pigmentosum
xeroderma pigmeniosum variant
Neevoici basal-cell carcinoma syndrome
Cutaneous malignant melanoma
Inherited retinoblastoma
Li—Fraumeni syndrome
Hombo syndrome
Bazex syndrome
Multiple self-healing epithelioma
Muir—Torre syndrome
Cowden's syndrome -

TYR, P gene
XP genes
DNA polymerase eta
PTCH

CDKN2A CDK
pRB

p53
Xq
9q31
MSH2, MLH
PTEN

autosomal recessive inheritance) is caused by
mutations in the tyrosinase gene, which encodes
the enzyme that catalyses at least three steps in
melanin biosynthesis (Spritz, 1994). Oculocutaneous albinism Type Z (OCA2; autosomal recessive
inheritance) results from mutations in the P gene)
which is probably involved in the transport of the
melanin-precursor tyrosine within the melanocyte
(Spritz, 1994), OCA2 is the most prevalent type of
albinism worldwide. In the United States, only lin
36 000 inhabitants is affected with this disease (Lee
et al., 1994). However, in Nigeria it is one of the
most common recessive genetic disorders, with a
prevalence of about 1 in 1100 (Okoro, 1975). The
most frequent type of skin cancer associated with
albinism in African albinos is squamous-cell carcinoma, in contrast to Caucasians) in whom basalcell carcinoma is most frequent (Yakubu &
Mabogunje, 1993).
Melanin has photoprotective functions in the
skin and directly absorbs both UV photons and
reactive oxygen species generated by the interaction of UV radiation with membrane lipids or
other cellular components (Riley, 1997). Besides
mutations in the tyrosinase gene and in the P gene,
mutations or polymorphisms in other genes
involved in the synthesis and transport of melanin
may play critical roles in susceptibility to skin cancer
in the general population (Valverde et al., 1995,
1996).
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Xeroderma pigmentosum and xeroderma pigmentosum variant
Exposure to UVB radiation induces the formation

of photoproducts which may lead to accumulation
of skin cancer-inducing mutations (Brash) 1997).
The main pathway by which mammalian cells
remove DNA damage caused by UV radiation and
other mutagens is nucleotide excision repair
(NER). Genes which are defective in the inherited
disorder xeroderma pigmentosum (XP) are the best
characterized components of the human NER
process (Araujo & Wood, 1999). XP shows autosomal recessive inheritance and predisposes the
affected individual to cutaneous malignancies. The
risk of developing skin cancer on sun-exposed
areas is more than 1000-fold increased in XP
patients and most frequently the patients develop
basal-cell carcinomas and squamous-cell carcinomas
(Kraemer et al., 1994). An increase in skin cancer
predisposition has also been described in XP
heterozygotes (Swift et al., 1979). In this context, it
is of great interest that reduced repair of UVBinduced DNA damage in patients with basal-cell
carcinoma has been described (Wei et al., 1995).
The xeroderma pigmentosum variant (XPV) is
an inherited disease which is associated with
increased incidence of sunlight-induced skin cancer. Unlike other XP-cells, XPV cells carry out normal nucleotide excision repair but are deficient in
replication of UV-damaged DNA (Cordonnier &
Fuchs) 1999). Recently XPV has been shown to

Genetically determined susceptibility markers in skin cancer

arise from mutations in the DNA polymerase eta
(Masutani et ciL, 1999; Johnson et al., 1999).
Naevoid basal-cell carcinoma syndrome (NBCCS)

It is well known that inherited defects in oncogenes and tumour-suppressor genes influence skin
cancer susceptibility. For example, a large proportion of sporadic basal-cell carcinomas show
mutations in the tumour-suppressor gene patched
(PTCH). PTCH was cloned from the locus for
NBCCS, which is a rare autosomal dominant disorder that predisposes the affected individuals to
basal-cell carcinoma, several other cancers and
developmental defects (Johnson et ciL, 1996; Hahn
et al., 1996). More than 50% of basal-cell carcinomas show loss of heterozygosity (LOH) at the
PTCH locus on 9q22-31. Mutation screening
revealed that 30% of basal-cell carcinomas with
LOH have mutations in the remaining allele of
PTCH (Gailani et ai., 1996a, b). Interestingly, missense mutations in the ligand of PTCH, sonic hedgehog (SETH) as well as in its signalling partner,
smoothened (SMO) in basal-cell carcinomas have
been reported (Oro et ciL, 1997; Xie et al., 1998).
Overexpression of SHH (Oro et ciL, 1997), SMO
(Xie et ai., 1998) and of the PTCH pathway targets
GLu I (Nilsson et al., 2000) and GLI2 (Grachtchouk
et al., 2000) in murine skin leads to abnormalities
resembling human basal-cell carcinomas.
Therefore, it is possible that carcinogenesis can be
initiated by mutations in all known components
of the pathway. Essentially all basal-cell carcinomas overexpress targets of an activated
SHHIPTCH/SMO pathway, which include PTCH
itself, GLIl and SMO (Dahmane et ai., 1997;
Reifenberger et al., 1998; Tojo et al., 1999) (Figure
1). Expression of these genes seems to be very
specific for basal-cell carcinomas in comparison
with other skin tumours and the level of expression correlates with progression of basal-cell carcinomas (Tojo et al., 1999; Unden et ai., 1997;
Kallassy et al., 1997). Overall, these data suggest a
major role for the SHH/PTCH/SMO signalling
pathway in the development of basal-cell
carcinoma.
Approximately 40% of PTCH mutations in
basal-cell carcinomas are C—*T or CC—*TT transitions at dipyrimidine sites which are typical of
UVB-induced DNA damage, thus implicating UVB
in mutagenesis of PTCH (Aszterbaum eta]., 1999).

A small proportion of basal-cell carcinomas have
point mutations in the Ras-homologues H-ras and
K-ras (van der Schroeff et ciL, 1990; Ananthaswamy
& Pierceall, 1990; Lieu et al., 1991). p53 mutations
have been identified in 50% of basal-cell carcinomas and 65% of these are of the UVB-type (Rady et
ai., 1992; Ziegler et ci?., 1993; van der Riet et ai.,
1994; Urano et al., 1995). This suggests a cooperation between either Ras or p53 and PTCH in basalcell carcinoma formation, although no experimental evidence for a direct interaction between
these genes has yet been reported.
Melanoma-prone families

Melanoma is the most aggressive of skin cancers; it
affects young individuals and much effort has been
made to elucidate its development. Atypical or dysplastic naevi are major risk factors in both highrisk families and in the general population.
Another significant risk factor is a positive family
history of melanoma. Family cases, however, constitute only a small proportion (1-2%) of all cutaneous melanomas (Kefford et ai., 1999). In these
families, melanoma susceptibility is enhanced by
mutations in the cyclin-dependent kinase
inhibitor CDKN2A and in the cyclin-dependent
kinase CDK4. These genes have been found to
confer elevated risk in 20-40% of melanoma-prone
families. The genetic basis for melanoma-predisposition in the remaining 60-80% of families is
not known (Kefford et al., 1999). CDK4 mutations
are assumed to generate dominant oncogenes that
are resistant to normal inhibition of the cell cycle
by p16 (Zuo et ai., 1996). The CDKN2A gene
encodes two distinct proteins which arise through
alternative splicing. The p16INK4A protein
regulates GI phase exit by inhibiting the
cyclin/CDK-mediated phosphorylation of the pRB
protein. The other protein, p14ARF, acts via the
p53 pathway to induce cell cycle arrest or apoptosis
in response to hyperproliferative signals.
Consequently, mutations in CDKN2A impair the
function of both the p53 and the pRB pathways
(Chin et ai., 1998). The involvement of these
pathways in the pathogenesis of melanoma is
underlined by the fact that cutaneous melanoma is
the most common second cancer in individuals
with inherited retinoblastoma and occurs also in
families with Li—Fraumeni syndrome (Eeles, 1995;
Moll et ai,, 1997). The penetrance of CDKN2A
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Figure 1. The SHHIPTCHISMO signalling pathway plays a critical role in the development of basalcell carcinoma.
Left panel: Physiological activation of the pathway occurs during embryogenesis and is triggered by the ligand of
PTCH, SHH. Binding of SHH blocks PTCH, thereby activating SMO, which leads to expression of target genes. Right
panel: Mutational activation of the pathway is accomplished by inactivating mutations in PTCH or activating mutations in either SHH or 5MO. In basal-cell carcinomas, mutational activation of the pathway results in overexpression
of GLu, SMO and PTCH transcripts.

mutations is strongly influenced by the level of
sun exposure and possibly by the action of
unknown modifier genes (Goldstein et al., 1998)
(see also below, under Allelic variants of tumour
modifiers). At the present time, routine clinical testing
for CDKN2A mutations is not recommended
(Haluska & Hod!, 1998) because of uncertainties
regarding the penetrance and the correlation
between CDKN2AICDI(4 mutations and the clinical phenotype.
Low-penetrance susceptibility genes

Only 1% of cancer patients have a clearly identifiable inherited component (familial cases) (Fearon,
1997). The remaining 99% of cases are called
sporadic'. However, there is increasing evidence
that sporadic cancers also have heritable determinants that segregate within the general population
and thus contribute to individual tumour susceptibility (Ponder, 1990). This appears to be true for skin
cancers.

Allelic variants of effect-modulators of carcinogen
exposure
UVB radiation (280-320 rim) directly damages
DNA, whereas UVA radiation (320-400 nm) acts on

DNA via an oxidative stress mechanism which
results in the formation of reactive oxygen species
in the skin. Reactive oxygen species damage DNA
(as well as lipids and amino acids), leading to
elevated mutation rates and tumorigenesis (Lear et
ai., 2000). Detoxification of products of
UV-induced stress is the task of numerous cellular
proteins, which are also involved in the detoxification of exogenous chemicals. Many of these
proteins demonstrate polymorphisms some of
which may result in reduced ability to remove
potential carcinogens (Lear et al., 2000). Much
interest has been focused on polymorphisms in the
GSTM1 and GSTTI genes, which are both
expressed in the skin. Homozygotes for the respective null alleles of both the GST]vIl and GSTT1
genes express no protein and exhibit greater skin
cancer risk (Lear et ai., 2000) (Table 2). Further-
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STM1 null On comb- nation with skin type, male gender

Tumour number, accrual (Leer et al., 1996. 1997)

Or tumour site)
Q57T1 nuli

Accrual (Lear etal., 1996)

CYP2D6 extensive metabolizer

Tumour number, accrual (Lear etal.. 1996)

CYPIAIrn1 ml

Tumour number (Lear et at. 1996)

CYPYA flle/VaE and CYP1AIVaI/Val

Accrual (Lear etal.. 1996)

NOO I nut

Tumour number (Clairmont et al., 1999)

more, GSTP, another member of the glutathione Stransferase (GST) family of genes, may play an
important role in skin cancer development, since
homozygous GSTP knock-out mice develop up to
10 times more skin tumours (papillomas) than
wild-type-mice (Henderson et al., 1998).
Genes of the cytochrome P450 (CYP) family
encode enzymes with mono-oxygenase activity.
They metabolize a wide range of structurally
diverse substrates and participate in the defence
against oxidative stress. Many of the CYP genes are
polymorphic and some of the polymorphisms
have significant phenotypic consequences. For
example, mutations in CYP2D6 lead to extensive,
intermediate or poor metabolizer phenotypes
(Smith et cl., 1995). In patients with basal-cell
carcinomas, the CYP2D6 extensive metabolizer
phenotype has been associated with increased
tumour number and accrual (Lear et cl., 1996)
(Table 2). The latter phenotypic features have also
been associated with specific polymorphisms in
CYP1A1 (Table 2). In addition, either CYP2D6
extensive metabolizer phenotype, GSTM1 null
allele or male gender have been shown to significantly reduce time of presentation of further
tumours in patients with truncal basal-cell carcinomas (Lear et cl., 1997).
Another antioxidant enzyme which protects
cells against reactive oxygen species is
NAD (P) H:quinone oxidoreductase (NQO 1). A
significant association between NQ01 null allele
and basal-cell carcinoma number has been
described (Clairmont et cl., 1999). The elucidation
of the specific roles of detoxifying enzymes and
the determination of their contribution to overall

susceptibility to skin cancer is becoming a hot
topic in the field of skin cancer predisposition.
Allelic variants of tumour modifiers
Tumour modifiers are thought to segregate within
a population and to play major functions in determination of individual tumour susceptibility. Most
of the information about tumour modifiers of skin
cancer has been obtained from studies using
laboratory animals. In Contrast to Mus musculus,
Mus .spretus mice are resistant to chemically
induced skin cancer (Nagase et al., 1995). Using a
large (NIH/Ole x Mus spretus)F1 backcross, it was
possible to identify several quantitative trait bd
involved in the regulation of skin cancer incidence
or multiplicity. Three of these map to loci harbouring members of the family of cyclin-dependent kinase inhibitors p57Kip2, p2lWafl and
p27Kip2 (Nagase et al., 1999).
Mapping of additional loci that modulate skin
cancer susceptibility should be possible using the
carcinogenesis-resistant (Car-R) and carcinogenesissusceptible (Car-S) mice which have been obtained
applying hi-directional selective breeding. In an initiation (7,12-dimethylbenz[a] anthracene)!progression (12-0-tetradecanoylphorbol 13-acetate)
protocol for tumour induction, skin papilbomas
occurred in 100% of Car-S mice compared with
3.3% of Car-R mice (Saran et al., 1999).

Conclusions
The agents used today for prevention of skin cancer
are either sunscreens or antioxidants. Sunscreens
reduce the formation of pyrimidine dimers and are
undoubtedly effective in preventing sunburn.
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However, epidemiological and laboratory studies
indicate that sunscreens may not prevent
melanoma formation (Ley et al., 1997).
Only in a minority of skin cancers does the family
history show a clear inherited component. For the
majority of cases, the identification of the underlying genetic risk factors might be of tremendous value
for preventive therapy. The assessment of the individual genetic risk factors for skin cancer requires:
(a)association studies using polymorphisms in genes
which confer risk for skin tumours (e.g., GST, CYP);
(b) identification of predisposing polymorphisms
in genes which are known to be defective in
heritable diseases (e.g., PTCH, CDKN2A);
(c)identification of new skin cancer susceptibility
genes using human and mutine genetic studies.

References

Ananthaswamy, H.N. & Pierceali, W.E. (1990) Molecular
mechanisms of ultraviolet radiation carcinogenesis.
Photochem. Photobiol., 52, 1119-1136
Araujo, S.J. & Wood, R.D. (1999) Protein complexes in
nucleotide excision repair. Mutat Res., 435, 23-33
Aszterbaum, M., Beech, J. & Epstein, E.H., Jr (1999)
Ultraviolet radiation mutagenesis of hedgehog pathway
genes in basal-cell carcinomas. J. Investig. Dermatol. Symp.
Proc., 4, 41-45
Bald, C.M., Reintgen D.S., Kirkwood, J.M., Houghton,
A., Peters, L & Klan Ang, K. (1997) Cutaneous melanoma.
In: DeVita, V.T., Heilman, S. & Rosenberg, S.A., eds,
Cancer: Principles and Practice of Oncology, 5th Edition,
Philadelphia, Lippincott-Raven, pp. 1947-1994
Boring, C.C., Squires, T.S., Tong, T. & Montgomery, S.
(1994) Cancer statistics, 1994. CA Cancer J. Clin., 44, 7-26
Brash, D.E. (1997) Cutaneous melanoma. In: DeVita
V.T., Hellman, S. & Rosenberg, SA., eds, Cancer: Principles
and Practice of Oncology, 5th Edition, Philadelphia,
Lippincott-Raven, pp. 1879-1883
Chin, L., Pomerantz, J. & DePinho, R.A. (1998) The
INK4a/ARF tumor suppressor: one gene - two products—two pathways. Trends Biochem. Sci., 23, 291-296
Clairmont, A., Sies, H., Ramachandran, S., Lear, J.T.,
Smith, AG., Bowers, B., Jones, P.W., Fryer, A.A. &
Strange, R.C. (1999) Association of NAD(P)H:quinone
oxidoreductase (NQ01) null with numbers of basal-cell

98

carcinomas: use of a multivariate model to rank the
relative importance of this polymorphism and those at
other relevant loci. Carcinogenesis, 20, 1235-1240
Cordonnier, A.M. & Fuchs, R.P. (1999) Replication of

damaged DNA: molecular defect in xeroderma pigmen.
tosum variant cells. Mutat Rem., 435, 111-119
Dahmane, N., Lee, J., Robins, P., Heller, P. & Ruiz i Altaba,
A. (1997) Activation of the transcription factor Gill and
the Sonic hedgehog signalling pathway in skin tumours.
Nature, 389, 876-881
Eeles, R.A. (1995) Germiine mutations in the TP53 gene.
Cancer Surv., 25, 101-124
Fearon, E.R. (1997) Human cancer syndromes: clues to
the origin and nature of cancer. Science, 278, 1043-1050
Gailani, M.R., Leffell, D.J., Ziegler, A., Gross, E.G., Brash,
D.E. & Bale, A.E. (1996a) Relationship between sunlight
exposure and a key genetic alteration in basal-cell
carcinoma. J. Nat! Cancer Inst., 88, 349-354
Gailani, MR., Stahle-Backdahl, M., Leffell, D.J., Glynn,
M., Zaphiropoulos, P.G., Pressman, C., linden, A.B.,
Dean, M., Brash, D.E., Bale, A.E. & Toftgard, R. (1996b)
The role of the human homologue of Drosophila
patched in sporadic basal-cell carcinomas. Nature Genet.,
14,78-81
Gilchrest, B.A., Eller, M.S., Geller, A.C. & Yaar, M. (1999)
The pathogenesis of melanoma induced by ultraviolet
radiation. New Eng!. J. Med., 340, 1341-1348
Gloster, H.M., Jr & Brodland, D.G. (1996) The epidemiology of skin cancer. DerrnatoL Surg., 22, 217-226
Goldstein, A.M., Falk, R.T., Fraser, M.C., Dracopoli, N.C.,
Sikorski, R.S. Clark, WI-I., Jr & Tucker, M.A. (1998)
Sun-related risk factors in melanoma-prone families
with CDKNZA mutations. J. Nat! Cancer Inst., 90,
709-711
Grachtchouk, M., Mo, R., Yu, S., Zhang, X., Sasaki, H.,
Hui, C.C. & Dlugosz, A.A. (2000) Basal cell carcinomas in
mice overexpressing Gli2 in skin. Nature, Genet., 24,
216-217
Hahn, EL, Wicking, C., Zaphiropoulous, PG., Gailani,
M.R., Shanley, S., Chidambaram, A., Vorechovsky, I.,
Holmberg, E., Unden, A.B., Gillies, S., Negus, K., Smyth,
I., Pressman, C., Leffell, D.J., Gerrard, B., Goldstein, AM.,
Dean, M., Toftgard, R., Chenevix-Trench, G.,
Wainwright, B. & Bale, A.E. (1996) Mutations of the
human homolog of Drosophila patched in the nevoid
basal-cell carcinoma syndrome. Cell, 85, 841-851
Halpern, A,C. & Altman, JE. (1999) Genetic predisposition to skin cancer. Curr. Opin. Oncol., 11, 132-138

Genetically determined susceptibility markers in skin cancer

Haluska, F.G. & Hodi, ES. (1998) Molecular genetics of
familial cutaneous melanoma. J. Clin. Once!., 16, 670-682

Henderson, Cj., Smith AG., Ure, J., Brown, K., Bacon,
Ej. & Wolf, C.R. (1998) Increased skin tumorigenesis in
mice lacking pi class glutathione S-transferases. Proc. Nat!
Acad. Sc!. USA, 95, 5275-5280
Hughes, JR., Higgins, E.M., Smith, J. & Du Vivier, A.W.
(1995) Increase in non-melanoma skin cancer - the
King's College Hospital experience (1970-92). Clin. Exp.
DennatoL, 20, 304-307
Johnson, R,L., Rothman, AL., Xie, J., Goodrich, LV.,
Bare, J.W., Bonifas, J.M., Quinn, A.G. Myers, R.M., Cox,
DR., Epstein, EH., Jr & Scott, M.P. (1996) Human
homolog of patched, a candidate gene for the basal cell
nevus syndrome. Science, 272, 1668-1671
Johnson, R.E., Kondratick, CM., Prakash, S. & Prakash, L.
(1999) IIRAD30 mutations in the variant form of xeroderma pigmentosum. Science, 285, 263-265
Kallassy, M., Toftgard, R., Ueda, M., Nakazawa, K.,
Vorechovsky, I., Yamasaki, H. & Nakazawa, H. (1997)
Patched (ptch) -associated preferential expression of
smoothened (smoh) in human basal-cell carcinoma of

the skin. Cancer Res., 57, 4731-4735
Kefford, R.F., Newton Bishop, J.A., Bergman, W. &
Tucker, M.A. (1999) Counseling and DNA testing
for individuals perceived to be genetically predisposed
to melanoma: A consensus statement of the Melanoma Genetics Consortium. J. Clin. Oncol., 17,
3245-3251

Kraemer, K.H., Lee, M.M., Andrews, A.D. & Lambert,
W.C. (1994) The role of sunlight and DNA repair in
melanoma and nonmelanoma skin cancer. The xeroderma pigmentosum paradigm. Arch. Dennatol., 130,
1018-1021
Lear, J,T., Heagerty, A.H., Smith, A., Bowers, B., Payne,
CR., Smith, CA,, Jones, P.W., Gilford, J., Yengi, L.,
Alldersea,J., Fryer, A.A. & Strange, R.C. (1996) Multiple
cutaneous basal-cell carcinomas: glutathione S-transferase (GSTM1, GSTT1) and cytochrome P450 (CYP2D6,
CYP1A1) polymorphisms influence tumour numbers
and accrual. Carcinogenesis, 17, 1891-1896
Lear, J.T., Smith, A.G., Heagerty, A.H., Bowers, B., Jones,
P.W,, Gilford, J., Alldersea, J., Strange, R.C. & Fryer A.A.
(1997) Truncal site and detoxifying enzyme polymorphisms significantly reduce time to presentation of further primary cutaneous basal-cell carcinoma. Carcinogenesis, 18, 1499-1503
Lear, J.T., Smith, A.G., Strange, R.C. & Fryer, A.A. (2000)
Detoxifying enzyme genotypes and susceptibility to
cutaneous malignancy. Br. J. Dermatol., 142, 8-15

Lee, S.T., Nicholls, R.D., Bundey, S., Laxova, R.,
Musarella, M. & Spritz, R.A. (1994) Mutations of the P
gene in oculocutaneous albinism, ocular albinism, and
Prader-Willi syndrome plus albinism. New Engi. J. Med.,
330,529-534

Ley, R.D. & Reeve, V.E. (1997) Chemoprevention of
ultraviolet radiation-induced skin cancer. Environ. Health
Perspect., 105 Suppi, 4, 981-984
Lieu, F.M., Yamanishi, K., Konishi, K., Kishimoto, S. &
Yasuno, H. (1991) Low incidence of Ha -ras oncogene
mutations in human epidermal tumors. Cancer Left., 59,
231-235
Masutani, C., Kusumoto, R., Yamada, A., Dohmae, N.,
Yokoi, M., Yuasa, M., Amid, M., Iwai, S., Takio, K. &
Hanaoka, F. (1999) The XPV (xeroderma pigmentosum
variant) gene encodes human DNA polymerase eta.

Nature, 399, 700-704
Miller, D.L. & Weinstock, M.A. (1994) Nonmelanoma
skin cancer in the United States: incidence. J. Am. Acad,
Dermatol., 30, 774-778
Mou, A.C., Imhof, S.M., Bouter, L.M. & Tan, K.E. (1997)
Second primary tumors in patients with retinoblastoma. A review of the literature. Ophthalmic Genet.,
18,27-34
Nagase, H., Bryson, S., Cordell, H., Kemp, Cj., Fee, F. &
Balmain, A. (1995) Distinct genetic loci control develop-

ment of benign and malignant skin tumours in mice.
Nat. Genet., 10, 424-429
Nagase, H., Mao, J.H. & Balmain, A (1999) A subset of

skin tumor modifier loci determines survival time of
tumor-bearing mice. Proc. Nat! Acad. Sci. USA, 96,
15032-15037
Nilsson, M., Unden, A.B., Krause, D., Malmqwist, U.,
Raza, K., Zaphiropoulos, P.G. & Toftgard, R. (2000)
Induction of basal-cell carcinomas and trichoepitheliomas in mice overexpressing GLI-1. Proc. Nat! Acad, Sc!.
USA, 97, 3438-3443
Okoro, A.N. (1975) Albinism in Nigeria. A clinical and
social study. Br. J. Dermatol., 92, 485-492

Oro, A.E., Higgins, KM., Flu, Z., Bonifas, J.M., Epstein,
E.H., Jr & Scott, MY. (1997) Basal cell carcinomas in
mice overexpressing sonic hedgehog. Science, 276,
817-821
Ponder, B.A. (1990) Inherited predisposition to cancer,
Trends Genet., 6, 213-218
Rady, P., Scinicariello, F., Wagner, R.F., Jr & Tyring, S.K.
(1992) p53 mutations in basal-cell carcinomas. Cancer
Res., 52, 3804-3806

99

Biomarkers in Cancer Chemoprevenhion

Reifenberger, J., Wolter, M., Weber, E.G., Megahed, M.,
Ruzicka, T., Lichter, P. & Reifenberger, G. (1998) Missense
mutations in SMOH in sporadic basal-cell carcinomas of
the skin and primitive neuroectodermal tumors of the
central nervous system. Cancer Res., 58, 1798-1803
Riley, P.A. (1997) Melanin. lut. j. Biochem, Cell Biol., 29,
1235-1239
Saran, A., Pazzaglia, S., Rebessi, S., Bouthillier, Y., Pioli,
C., Covelli, V., Mouton, D., Doria, G. & Biozzi, G. (1999)
Skin tumorigenesis by initiators and promoters of different chemical structures in lines of mice selectively bred
for resistance (Car-r) or susceptibility (Car-s) to two-stage
skin carcinogenesis. lot. j. Cancer, 83, 335-340
Smith, G., Stanley, L.A., Sim, E., Strange, R.C. & Wolf,
C.R. (1995) Metabolic polymorphisms and cancer Susceptibility. Cancer Sun'., 25 27-65

Spritz, R.A. (1994) Molecular genetics of oculocutaneous
albinism. Hum. Mol. Genet., 3, 1469-1475
Swift, M. & Chase, C. (19 79) Cancer in families with xeroderma pigmentosum. j. Nati Cancer Inst., 62, 1415-1421
Tojo, M., Mon, T., Kiyosawa, H., Honma, Y. Tanno, Y.,
Kanazawa, KY., Yokoya S., Kaneko, F. & Warsaka, A.
(1999) Expression of sonic hedgehog signal transducers,
patched and smoothened, in human basal-cell carcinoma. Pat/wi. mt., 49, 687-694

Unden, A.B., Zaphiropoulos, P.G., Bruce K., Toftgard, R.
& Stahle-Backdahl, M. (1997) Human patched (PICH)
mRNA is overexpressed consistently in tumor cells of
both familial and sporadic basal-cell carcinoma. Cancer
Rn., 57, 2336-2340

Urano, Y., Asano, T., Yoshimoto, K., Iwahana, H., Kubo,
Y., Kato, S., Sasaki, S., Takeuchi, N., Uchida, N.,
Nakanishi, H., Arase, S. & Itakura, M. (1995) Frequent
p53 accumulation in the chronically sun-exposed epidermis and clonai expansion of p53 mutant cells in the
epidermis adjacent to basal-cell carcinoma. j. invest.
DermatoL, 104, 928-932
Valverde, P., Healy, E., Jackson, I., Rees, J.L. & Thody, A.J.
(1995) Variants of the melanocyte-stimulating hormone
Corresponding author:
H. Hahn
Institute of Pathology
Technical University Munich, GSF Research Center
for Environment and Health
ngolstadter Landstrasse 1
85764 Neuherberg
Germany

100

receptor gene are associated with red hair and fair skin in
humans. Nature Genet., 11, 328-330
Valverde, P., Healy, E., Sikkink, S., Haldane, F., Thody,
A.J., Carothers, A., Jackson, I.J. & Rees, J.L. (1996) The
Asp84Glu variant of the melanocortin 1 receptor (MC1R)
is associated with melanoma. Hum. Mol. Genet., 5,
1663-1666
van der Blet, P., Karp, D., Farmer, E., Wei, Q., Grossman,
L., Tokino, K., Ruppert, J.M. & Sidransky, D. (1994)
Progression of basal-cell carcinoma through loss of chromosome 9q and inactivation of a single p53 allele. Cancer
Res., 54, 25-27
van der Schroeff, J,G., Evens, L.M., Boot, A.J. & Bos, J.L.
(1990) Ras oncogene mutations in basal-cell carcinomas
and squamous-cell carcinomas of human skin. J. Invest.
Dermatol., 94, 423-425
Wei, Q., Matanoski, G.M., Farmer, E.R., Hedayati, M.A. &
Grossman, L. (1995) DNA repair capacity for ultraviolet
light-induced damage is reduced in peripheral lymphocytes from patients with basal-cell carcinoma. J. Invest.
Derrnatol., 104, 933-936
Xie, J., Murone, M., Luoh, SM., Ryan, A., Gu, Q., Zhang,
C., Bonifas, J.M., Lam, C.W., Hynes, M., Goddard, A.,
Rosenthal, A., Epstein, EH., Jr & de Sauvage, F.J. (1998)
Activating Smoothened mutations in sporadic basal-cell
carcinoma. Nature, 391, 90-92

Yakubu, A. & Mabogunje, O.A. (1993) Skin cancer in
African albinos. Acte Oued., 32, 621-622
Ziegler, A., Leffell, DJ., Kunala, S., Sharma, H.W., Gailani,
M.,Simon,J.A., Halperin, A.J., Baden, H.P., Shapiro, P.R.,
Bale, AL, & Brash, D.E. (1993) Mutation hotspots due to
sunlight in the p53 gene of nonmelanoma skin cancers.
Proc. Nati Aced. Sel. USA, 90, 4216-4220
Zuo, L., Weger, J., Yang, Q., Goldstein, AM., Tucker,
MA,, Walker, G.J., Hayward, N. & Dracopoli, N.C. (1996)
Germline mutations in the p16INK4a binding domain
of CDK4 in familial melanoma. Nature Genet., 12, 97-99

