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INTRODUCTION

CUTANEOUS MALIGNANT melanoma (CMM) is one of the more
common sites of cancer in populations worldwide. In the United
States alone, there are approximately 32 000 new cases of
CMM diagnosed annually and 7800 melanoma-related deaths.
Furthermore, U.S. incidence rates for melanoma have been
increasing more rapidly than for any other cancer except lung
cancer [1]. In areas where fair-skinned individuals have high sun
exposure, the lifetime risk is 1 in 60 [2].

Familial occurrence of melanoma has been recognised for over
40 years. Approximately 10% of melanoma cases arise in a
familial setting [3]; these cases are hypothesised to carry an
inherited susceptibility to melanoma. An increased risk of 2.0
for first degree relatives of melanoma cases [4] and 3.0 for
relatives of one or more cases have been reported [5]. Analysis
of the Utah Population Database [6] indicates a risk of 6.5 [7]
for relatives of melanoma cases diagnosed before age 50 years,
and 13.9 for relatives of two melanoma cases in the same family
diagnosed at any age [8].

In addition to recognising the importance of family history
in determining melanoma risk, epidemiological studies have
indicated the importance of sun exposure [9], the number of
naevi borne by an individual [10], skin type, hair and eye colour,
and the distribution of naevi (commonly called moles) on the
skin [11].

Prior to linkage analyses of melanoma susceptibility, the mode
of inheritance of familial melanoma had not been estabished,
and some investigators even debated the existence of a major
gene [12-14]. The relationship between familial melanoma and
an associated trait, the dysplastic nevus syndrome (DNS), has
also been the subject of considerable debate.

Recently, melanoma susceptibility loci were assigned to chro-
mosomes 1 [15] and 9 [16] although the chromosome 1 assign-
ment remains controversial. A cell cycle regulatory gene,
CDKN?2 (also known as pl16 and MTS1I) [17], was found at the
chromosome 9 location within the shortest region of overlap of a
series of nested deletions in melanoma and other tumour cell
lines [18-20]. However, conclusive demonstration of the role of
this gene in melanoma susceptibility has been elusive [21].

The unfolding story of rnelanoma susceptibility demonstrates
the many difficulties and pitfalls of the study of a complex
phenotype that does not appear to follow simple Mendelian
inheritance. We review this work from the initial description of
familial melanoma and associated nevus phenotypes to the
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discovery of a tumour suppressor, which may be the chromo-
some 9-linked melanoma susceptibility gene.

DYSPLASTIC NEVUS SYNDROME (DNS)

Histologically, the dysplastic nevus is an apparent precursor
lesion to malignant melanoma. As such, it is an obvious extension
of the melanoma phenotype, and its analysis could clarify
the genetics of susceptibility to melanoma. However, there is
considerable diagnostic heterogeneity when dysplastic naevi are
used as a trait definition since both the clinical phenotype of
DNS and the histological phenotype of dysplastic naevi are
ambiguously described. For example, Greene and associates [22]
states that “it is not unusual to observe more than 100 dysplastic
naevi in an affected family member. More commonly such
persons have 25 to 75 abnormal naevi, although some patients
may have one or a few”. In addition to the wide range in number
and description of naevi which can be diagnostic for DNS, there
is considerable debate about appropriate criteria for histological
diagnosis of dysplastic naevi, which leads to disagreement on the
diagnoses of specific lesions by different observers. Although
DNS is thought to be rare (less than 1%) estimates of population
prevalence of individuals with clinically or histologically defined
dysplastic naevi of 4.9% [23], 20% [24] and 53% [25] have been
reported. Six pathologists reviewed a set of random nevus biopsy
specimens from Caucasian population controls. Their estimate
of the prevalence of dysplasia in a single nevus varied from 7%
t0 32% [26]. In fact, the NIH consensus development conference
on melanoma [27] suggested that: “The term ‘dysplastic nevus’
has been used by various investigators in significantly different
ways, thereby generating a great deal of controversy, and should
be avoided.”

Melanoma susceptibility has been associated with DN since
1978, when it was recognised that multiple large naevi of variable
clinical appearance appeared to be associated with familial
risk for melanoma [28, 29]. Clinically atypical moles from the
relatives of cases showed evidence of dysplasia upon pathological
evaluation of biopsies. The syndrome was thus defined as DNS
[301].

Greene and associates [31] reported results from a segregation
analysis of the combined trait of melanoma and DNS on a
number of families ascertained for multiple melanoma cases.
Members of the families were defined to have melanoma,
DNS or neither. Although segregation analysis did not reject a
dominant genetic model for melanoma alone, the analysis of
melanoma and DNS together did not conform to the expectations
for a dominant gene. This analysis provided evidence of the
imprecision of the genetic analysis when a nevus trait was
included. Bale and colleagues [32] subsequently used a different
method of analysis, and argued that the distribution of melanoma
and DNS in families was as expected for a dominant, disease-
causing gene.
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LINKAGE OF MELANOMA SUSCEPTIBILITY AND
DNS TO CHROMOSOME 1

Just as the genetic analyses of melanoma and the DNS have
yielded conflicting results, so have linkage studies analysing the
combined trait. Evidence was presented that a gene predisposing
to melanoma and DNS was linked to Rh on the short arm of
chromosome 1 [31], a region demonstrating loss of heterozygos-
ity (LOH) in melanomas [33]. Bale and associates [15] refined
the linkage analysis, showing linkage of the combined trait to
two genetic markers using a set of families collected at the NIH.
Linkage to the pronatiodilatin (PND) locus was reported with a
maximum LOD score (the base 10 logarithm of the odds for
linkage) of 3.09 at a recombination fraction of 0.08, and to an
anonymous DNA segment, D1S47, with a LOD score of 3.63 at
a recombination fraction of 0.11.

Goldstein and colleagues [34] reanalysed updated data on the
combined trait in the NITH families with the Bale model [15] and
found similar LOD scores for D1847 and somewhat reduced
LOD scores for PND. However, when they analysed the families
for melanoma alone, the maximum LOD score for linkage to
D1S47 was reduced to 1.38 at a recombination fraction of 0.02,
and the maximum LOD score for linkage to PND was 0.09 at a
recombination fraction of 0.3. Seven additional unpublished
NIH families were studied for chromosome 1p linkage [34] and
gave a LOD score for linkage to D1S47 of 1.99 at a recombination
fraction of 0.05 for melanoma alone, and a LOD score of linkage
to PND of 0.06 at a recombination fraction of 0.4. When the
Bale model [15] and a combined trait of melanoma and the DN'S
were used, the LOD scores for D1S47 and PND were negative
at all recombination values. At a recombination fraction of 0.10,
the LOD score for D1847 was —4.32 and the LOD score for
PND was —1.46. Thus, the updated analysis of the 13 NIH
families for linkage to the combined trait of melanoma and DNS
indicated that there was no linkage to chromosome 1.

In addition, data from each of five other analyses of linkage of
melanoma to this region have refuted the 1p linkage findings
[35-39]. One possibility for this discrepancy is genetic hetero-
geneity; however, this seems to be an unlikely explanation for
the Ip linkage findings since all of the families in all of the studies
were ascertained by the same criterion, namely at least two cases
of melanoma. Given the prevalence of dysplastic naevi in the
population, it is likely that the original study misclassified
individuals as susceptible based on their nevus histology.

GENETIC ANALYSIS OF MELANOMA
SUSCEPTIBILITY AND NEVUS COUNTS

Because of the controversies surrounding both the trait defin-
tion and the report of linkage to chromosome 1p, the Genetic
Analysis Workshop Study Group decided to focus a comparative
genetic analysis on datasets relevant to the analysis of melanoma,
naevi, and linkage of these traits to chromosome 1p. Appropriate
datasets were requested from researchers and distributed by the
workshop organisers to all interested parties for examination
with a large variety of methods selected without constraint by
each workshop participant. The five datasets included a twin
study [40], three linkage studies [41-43] and a linkage study
which included quantitative assessment of number and size of
naevi [44]. The analyses were published in the Genetic Analysis
Workshop 7 proceedings [45]. Numerous issues were addressed
regarding melanoma, DNS, nevus phenotype, environmental
exposures, and the presence of a combined melanoma and DNS
susceptibility locus on chromosome 1.

The workshop identified the definition of affected individuals
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as perhaps the most difficult issue in analysis of this complex
disease. Since clinical or histopathological definitions of naevi
are not uniform, total number of naevi was examined at the
workshop and in other genetic analyses of susceptibility as a
melanoma-associated phenotype [45, 46]. These studies suggest
that a quantitative trait based on number and size of naevi is
inherited as a common codominant major locus in some kindreds
[45, 46]. The summary of all analyses presented at the workshop
noted that “among the great diversity of results and conclusions,
the one finding that was consistent across all analyses was
that dominant inheritance of (nevus phenotypes) was strongly
rejected”. This conclusion is of particular interest, because this
is precisely the model that had been postulated for CMM and
dysplastic nevus [47]. Other segregation analyses of dysplastic
naevi have also contradicted a dominant mode of inheritance
[48-50].

LINKAGE OF MELANOMA SUSCEPTIBILITY TO
CHROMOSOME 9p21 (MLM)

Concurrent with the analysis of the linkage of melanoma
susceptibility to chromosome 1, several different studies pin-
pointed a region on the short arm of chromosome 9 as one
involved in the early stage development of melanoma tumours.
Cytogenetically detectable loss or rearrangement of
chromosome 9p was demonstrated in approximately 46% of all
melanomas, and 9p rearrangements were identified in both
dysplastic naevi and primary lesions, implying a 9p locus with an
early role in melanoma development [51]. Loss of heterozygosity
(LOH) studies also indicated the existence of a tumour sup-
pressor locus mutated in most, if not all, melanomas [52, 53].
Fountain and colleagues [54] showed that 86% of melanoma
tumours and cell lines harboured hemi- or homozygous deletions
of DNA markers in this region, and defined a region of 2-3 Mb
on 9p21 where a putative tumour suppressor gene must lie.

Further support for a melanoma susceptibility gene on chro-
mosome 9p was indicated by the identification of a 34-year-
old Caucasian woman, with multiple atypical moles and eight
primary cutaneous melanomas, who has a de novo constitutional
cytogenetic rearrangement involving chromosomes Sp and 9p
[55]. Molecular analysis of this germline cytogenetic abnormality
showed loss of material from the 9p21 region. D9S126 and
IFNA, two genetic markers which map to the critical region,
were used in comparison studies between the patient’s genotypes
and those of her unaffected parents. Homozygosity was found at
both loci by gene dosage studies, suggesting that the germline
loss of this gene predisposed to melanoma [55].

Cannon-Albright and associates [16] examined genetic mark-
ers on chromosome arm 9p for genetic linkage to melanoma
using 11 large kindreds with multiple cases of invasive mela-
noma. Genetic markers from this region were analysed in these
kindreds with a partially penetrant dominant genetic model for
melanoma susceptibility. The susceptibility, called the MLM
locus, was localised to 9p21 with a LOD score of 12.71. The
original localisation [16] and subsequent confirmations [56-58]
placed MLM near alpha-interferon (IFNA) on chromosome 9p.
Further analysis by Cannon-Albright and associates [59] placed
MLM in a 2 centiMorgan region, which has D9S736 as a distal
boundary and D9S171 as a proximal boundary.

As the chromosome 9p linkage was being reported, Nancarrow
and colleagues [60] were publishing the results of a linkage
study of Australian pedigrees with familial melanoma using 172
microsatellite markers, distributed across all autosomes. LOD
scores greater than 1.0 in a single family were noted for 13
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different markers, including D9S104 on 9p as well as markers
on chromosomes 3.,4,5,6,10,12,14,18 and 21. However, no
significant evidence for linkage was found.

Chromosome 9p linkage has since been investigated and
confirmed in the set of 13 NIH families in which the 1p36
linkage was originally established [58]. Heterogeneity analysis
estimated the proportion of families linked to chromosome 9p to
be 50% and the proportion linked to chromosome 1p also to be
50%. Two of the 11 famili¢s for which data are presented show
conditional probabilities greater than 90% of being linked to
chromosome 1p. Interestingly, three of the original families
provided the majority of the evidence of 1p linkage, and they are
now seen to show conditional probabilities greater than 90% for
9p linkage in this latest study [58].

Bale and Dracopoli [61] had previously analysed the linkage
between a melanoma and DNS susceptibility locus and the
marker D9S3, a marker proximal to JFNA, in 4 of the NIH
hereditary melanoma families and excluded close linkage. Two
of these 4 families which they analysed now show conditional
probabilities of 9p linkage to melanoma alone of 0.99 [58].

Neither the original linkage study [16] nor two of the linkage
studies which confirmed the chromosome 9 linkage provided
evidence for existence of genetic heterogeneity [16, 56, 57].
The only published evidence for genetic heterogeneity comes
from the report of linkage of melanoma and dysplastic nevus
syndrome to chromosome arms lp and 9p [58]. Therefore,
although it is difficult to rule out linkage to chromosome 1 in
some families, it is still not well supported. The question of
genetic heterogeneity for melanoma susceptibility will be best
answered when the 9p susceptibility locus has been cloned and
tested in a series of melanorna cases and their relatives.

PENETRANCE AND EXPRESSIVITY OF MLM

Kindreds showing evidence of chromosome 9p linkage have
been analysed to estimate the penetrance of the 9p melanoma
susceptibility locus, and to define the expression of the gene with
respect to both melanoma and naevi [62]. In three kindreds in
which the melanoma susceptibility gene is known to segregate,
124 gene carriers were identified by a haplotype consisting of
four markers flanking the susceptibility locus. The probability
of being affected with melanoma was estimated to be 53% by the
age of 80 in gene carriers.

Nevus counts, skin type and sun exposure histories were
gathered in a clinical exarnination of 119 individuals in two
kindreds. Gene carriers were found to have higher nevus counts
and higher nevus densities than non-gene carriers. Among gene
carriers, individuals with melanoma were found to have more
sun exposure within each skin type than gene carriers without
melanoma. These analyses suggest that the 9p melanoma suscep-
tibility is related to total number of naevi, and that it interacts
with other genetic and environmental factors to induce mela-
noma.

Independent studies are also needed to examine the relation-
ship of the MLM locus to precursor nevus phenotypes, and to
assess the interaction of the MLM locus with known environ-
mental risk factors. The ultimate identification of the germline
mutations will allow estimation of the proportion of melanoma
kindreds that segregate the 9p susceptibility, the frequency of
the disease allele, and age- and sex-specific penetrances.

MILMAND THE p16/MTS1/CDKN2 GENE
Molecular studies of the 9p21 region provided firm evidence
for the order of markers used in previous genetic studies.
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Weaver-Feldhaus and associates [19] constructed a detailed
physical map of the MLM region based on 54 STSs they
generated between JFNA and D9S171. Analysis of YAC clones,
P1 clones, and deletions in tumour lines yielded the order:
IFNA - D9S§736 -D9S171 -D9S126 -D9S161[19]. D9S736 was
isolated from P1 452 (obtained from Genome Systems, St Louis,
Missouri, U.S.A.) and is located on CEPH YACs 761 A5 and
802 B11, placing it between IFNA and D9S171. These results
agree with the relative localisation of Genethon markers [63]
provided by Kwiatkowski and colleagues {64], reporting the
order IFNA - D9S171 - D9S161, as well as with the order
inferred from the Utah genetic data.

As described above, 9p21 is the site of frequent chiomosomal
aberration in tumours and cell lines. The aberrations are not
confined to melanomas. 9p2l rearrangements have been
reported in gliomas, leukaemias, and lymphomas, and other
analyses have shown homozygous deletions in bladder cancer
[65], and in a series of 10 tumour cell line types ([18] and
references therein). Because of the high frequency of homo-
zygous deletion in this region, classical deletion mapping was
used to determine the shortest region of overlap, using a large
set of melanoma cell lines and a similarly large set of cell lines
representing 11 other tumour types.

The deletion analysis on chromosome 9 pinpointed a gene,
CDKN?2 (also known as MTS 1) that encodes a putative cell cycle
regulator named plé by its discoverers [17]. CDKN2 was
identified by its ability to bind and inhibit cyclin-dependent
kinases (CDKs) in vitro [17]. CDKs, along with their associated
positive regulatory factors, the cyclins, are principal determi-
nants of the initiation of DNA replication and mitosis (for
review, see Sherr [66]). As pI6/MTS1/CDKN2 encodes a puta-
tive inhibitor of cell division, MTS1 has the appearance of a
tumour suppressor gene. The pl6/MTS1/CDKN2 gene consists
of 3 coding exons: E1 (131 bp), E2 (307 bp) and E3(11 bp). A
percentage of melanoma lines as well as primary and metastic
melanomas [67] that do not contain homozygous deletions
contain smaller hemizygous genetic lesions in either E1 or E2 of
pl6/MTS1/CDKN2, such as frameshift, nonsense and missense
mutations [18]. The high percentage of homozygous deletions
and mutations in melanoma cell lines as well as the deletion of
point mutations in primary melanomas suggest that pI16/MTS1/
CDKN?2 is involved in formation of melanomas and, as such
pl6/MTS I/CDKN?2 is an appealing candidate for MLM.

To test whether this geneis MLM, pl6/MTS 1/CDKN?2 coding
sequences were analysed in 13 pedigrees that segregate 9p
melanoma susceptibility, as well as in individuals from 38
other melanoma-prone families in whch linkage has not been
determined. In only 2 cases were potential predisposing
mutations identified [21]. Both were linked to the carrier chro-
mosome, while neither was detected in the normal population.
Neither involved a conservative amino acid substitution. These
mutations were not seen in over 100 population controls or in
over 50 other cases of familial and sporadic melanomas, suggest-
ing that they are both rare. Further, Southern blot analysis of
RFLPs gave no evidence for heterozygous deletions of pl6/
MTS1/CDKN?2? in the germline of melanoma-prone individuals
[21].

In the absence of biochemical or structural information, the
possibility that the two rare missense mutations are neutral
cannot be excluded. Regardless of whether or not these changes
are neutral, the frequency of pI6 mutations observed in mela-
noma-prone kindreds was much less than would be expected if
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pl6 were MLM: 2/13 in 9p21-linked families and 0/38 in familial
melanoma cases.

There are two possible explanations for the low frequency of
p16 mutations observed: (1) pI6 and MLM are distinct genes or
(2) pl6 is MLM, but the majority of predisposing mutations
occur outside the p16 coding region and adjoining splice junction
sequences. To prove or disprove the hypothesis that p16 is MLM
will require an extensive search for predisposing mutations that
lie in noncoding regions of the pI6 gene or in neighbouring
genes.

Note added in proof—A second independent report of six CDKN2
mutations in 9/18 NIH melanoma kindreds provides evidence that
CDKN?2 is MLM [68]. Mutations have now been found in both the Utah
and the NIH kindreds. Interestingly, those kindreds from both studies
with the strongest statistical evidence for 9p linkage did not have
CDKNZ2 coding mutations. This supports the hypothesis that regulatory,
non-coding mutations are responsible for those 9p-linked kindreds in
which no CDKN2 mutation has yet been found. There is some evidence
that the kindreds in which CDKN2 mutations have been identified may
be more penetrant than those kindreds without known mutations. The
two Utah kindreds found to have mutations include the most penetrant
Utah kindreds. The nine NIH high risk melanoma kindreds found to
have disease-related CDKN2 mutations are smaller, more dense clusters
of melanoma than the Utah kindreds, with an overall estimated pen-
etrance of 69%. The analysis of CDKNZ2 mutations in the NIH kindreds
suggests that 10 of the 18 kindreds have a conditional probability of 9p
linkage greater than 0.70. CDKN2 mutations were found in three of the
eight remaining kindreds, suggesting that the 9p susceptability locus is
responsible for most familial melanoma.
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Recent Advances in the Genetics of Metastasis
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INTRODUCTION
METASTATIC SPREAD of tumour cells appears, at least formally,
to be a complex multi-step process. Cells need to detach from
their tissue of origin and from neighbouring primary tumour
cells, migrate through basement membrane (in the case of
epithelial cancer cells) and interstitial matrix, and invade the
lymph and blood transport system. In most instances, metastases
occur first in lymph nodes and, at some later stage, leave the
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lymphoid tissue to enter the blood stream. Adhesion to vascular
endothelium is thought to lead to extravasation and nesting in
new tissue, such as the lung. The complexity of this process
suggests the participation of a variety of different proteins, the
loss or gain of each possibly accounting for the individual specific
step proposed. Itis plausible that tumour cells acquire properties
by mutation and selection, and that the rare cell that has
assembled all the necessary properties will metastasise. How-
ever, it is also possible that a genetic programme is elicited
by the coregulation of various genes, which may reduce the
complexity considerably.

To accomplish metastatic behaviour, matrix degrading pro-



